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The impact of a hearing impairment is significant. It can impede an individual’s ability to hear 
and understand speech at normal conversational levels, which is considered an integral part of 
daily communication. A standard audiological assessment is employed to determine an 
individual’s hearing ability, which includes a test of speech recognition. However, such tests 
frequently present speech as single words in a quiet clinical setting. This artificial listening 
situation restricts the application of the test as it does not accurately represent the individual’s 
ability in real-life listening environments. The University of Canterbury Auditory-Visual Matrix 
Sentence Test was developed in New Zealand English by a team led by Professor Greg 
O’Beirne, to fill the need for a New Zealand speech test that more accurately determines an 
individual’s true ability to understand verbal communication in their everyday life. Due to the 
cognitive demands of typical matrix sentence tests, a paediatric version (UCAMST‑P) was 
produced by Jenkins-Foreman (2018). The current study sought to reanalyse corrected data from 
Jenkins-Foreman (2018) pertaining to equivalence of UCAMST‑P sentence lists and conditions 
in the auditory-alone modalities. Following this, the present study aimed to assess whether the 
UCAMST‑P might be more suitable for populations with a reduced working memory capacity 
through the use of response time and response order data in normal-hearing participants, 
previously obtained by Jenkins-Foreman (2018). Evaluation of the UCAMST‑P revealed that 
sentence lists within the AA open- and closed- set conditions, are indeed equivalent. As 
expected, the auditory-alone speech reception thresholds (SRTs) obtained in the open- and 
closed- set conditions were not equivalent to each other. Recalculation of Lay’s (2019) results 




between each condition. Testing the UCAMST under low SNR conditions gave rise to rapid 
responses and poor accuracy, providing evidence of rapid-guessing behaviour. Button presses for 
both tests were more sequential under high SNR conditions, and practice appears to have had 
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Hearing allows engagement in verbal conversations, appreciation for music, and the 
ability to process and selectively listen amongst the noise of the surrounding world; all while 
ensuring safety and signalling potential danger. However, hearing impairment (HI) is a common 
and widespread disability in society (Olusanya et al., 2014). The total proportion of New 
Zealanders with a HI is unclear. Statistics NZ (2013) estimated that 9% of New Zealander’s had 
a HI, while Stevens and colleagues (2011) estimated that 19% would have a HI by 2016. For 
those affected by a HI, a leading complaint is reduced ability to hear and understand speech, 
particularly with simultaneous background noise (Healy & Yoho, 2016). These individuals must 
increase their listening effort to follow conversation which can lead to loss of confidence and in 
some cases social withdrawal (Alhanbali et al., 2017; Beechey et al., 2020).  
Children with a HI are particularly susceptible to developmental concerns as they can 
miss certain speech sounds. This can impede the child’s development of oral language 
proficiency, adversely affecting their communication skills and leading to poorer social 
participation and interaction (Hadjikakou et al., 2008; Jalilevand et al., 2018; Lang-Roth, 2014; 
Patel et al., 2014; Sarant et al., 2008). A systematic review and meta-analysis by Roland and 
colleagues (2016) revealed that children with a HI had clear reductions in two quality of life 
domains: school activities and school interactions, both of which are paramount for ongoing 
social development and learning. It is unsurprising that these children have a greater risk of 
developing emotional and behavioural difficulties compared with their normal hearing 
counterparts (Stevenson et al., 2015). 
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Pure-tone audiometry (PTA) is typically used to diagnose a HI. However, HI affects 
individuals differently and PTA does not explicitly identify how an individual performs in an 
everyday environment with regards to their speech recognition capacity. Speech recognition 
testing, which employs speech stimuli instead of pure tones, provides greater insight into one’s 
ability to detect, recognise, and understand speech (Mendel, 2008). The outcomes of such speech 
tests are essential to initiate a personalised and effective management and rehabilitation plan.  
Owing to shortfalls in current New Zealand speech recognition tests, the UCAMST 
(O’Beirne et al., 2015; Trounson, 2012) and the UCAMST‑P (Jenkins-Foreman, 2018) have been 
produced to accurately assess an individual’s day-to-day ability to understand sentences in 
background noise – a situation that is similar to many listening environments. However, due to 
the cognitive demands of sentence testing (Cervera et al., 2009; Daneman & Carpenter, 1980; 
Theunissen et al., 2009), research is necessary to build the evidence base supporting the use of 
the UCAMST‑P rather than the UCAMST for populations with a developing, or reduced 
working memory capacity (WMC).  
 
1.2 Audiological Assessment in New Zealand 
Correctly identifying the presence, source, and degree of a HI permits a more informed 
approach to initiating management strategies and ongoing rehabilitative care (Madell & Flexer, 
2014; Neumann et al., 2012). A test battery approach incorporates several different tests and is 
employed to target the integrity of each distinct segment of the auditory system. This provides 
differential information about the nature and source of an auditory deficit and permits cross-
checking of results for improved validity (Norrix, 2015). The New Zealand Audiological Society 
(NZAS; 2016) suggests that audiological test batteries should consist of both subjective testing 
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(pure-tone audiometry (PTA) and speech recognition testing) and objective procedures 
(tympanometry, acoustic reflexes, and otoacoustic emissions). 
1.2.1 Pure-tone Audiometry 
PTA is currently regarded as the gold standard of hearing assessment and is routinely 
performed to determine an individual’s hearing thresholds across the frequencies necessary for 
hearing in daily life (Fredriksson et al., 2016). It is a behavioural test requiring a listener to press 
a button in response to hearing pure tones. In New Zealand (NZ), a modified Hughson-Westlake 
down-up procedure is employed to systematically vary the intensity of each pure tone stimulus 
and locate the threshold; defined as the lowest intensity level at which a response occurs in at 
least half of the ascending trials (Hughson & Westlake, 1944; NZAS, 2020). Typically, the 
thresholds are plotted on an audiogram mapping the individual’s hearing sensitivity as a function 
of frequency (Hz) which is used to guide a clinicians decision on management and rehabilitation 
strategies (NZAS, 2020; Schlauch & Nelson, 2015). While PTA is essential for diagnosis, it does 
not fully predict listener’s real-world communication ability or the likelihood of success with 
rehabilitation, therefore, additional testing procedures add further diagnostic value.  
1.2.2 Speech Audiometry 
Speech recognition tests are conducted using speech stimuli to more accurately assess an 
individual’s communication capacity (Konkle & Rintelmann, 1983; McArdle & Hnath-Chisolm, 
2015). They provide valuable supplementary information to the PTA; acting as a cross-check of 
the PTA reliability and adding further diagnostic information to the nature of the HI (Jerger & 
Hayes, 1977; McArdle & Hnath-Chisolm, 2015). Speech recognition tests have pivotal impacts 
on subsequent rehabilitation or management options, for example, hearing aids or cochlear 
implant candidacy, need for assistive listening devices, and the diagnoses of pathologies, such as 
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auditory neuropathy and auditory processing disorders (Hoppe et al., 2015; Iliadou, et al., 2017; 
Zeng & Liu, 2006). 
1.2.2.1 CVC Words Lists 
NZ has adopted the meaningful Consonant Vowel Consonant (CVC) words lists to 
conduct adult speech audiometry in accordance with the New Zealand Audiological Society 
(NZAS) best practice guidelines (Boothroyd, 1968; NZAS, 2016). The test contains ten lists of 
ten monosyllabic and phonetically balanced words. Each word in a list is presented at the same 
intensity, and each word is presented following the carrier phase: “say ___” (e.g. “say pass”). 
The individual must verbally repeat each word, or part of the word, as they hear it and scores are 
recorded as the total number of correctly identified phonemes per list. The score (%) for each list 
is plotted against its presentation level (dB HL) and a sigmoidal line of best fit is drawn between 
the points – a plot referred to as the performance/intensity (PI) function. From this function, the 
speech recognition threshold (SRT; the speech intensity level correlating to 50 percent 
intelligibility) can be derived and used to cross-check the pure tone thresholds (Boothroyd, 2008; 
Brand & Kollmeier, 2002; Mendel, 2008). As the PI function illustrates an individual’s hearing 
ability at various intensities, it is helpful for guiding rehabilitative decisions. For example, those 
with retro-cochlear pathologies or cochlear dead regions typically have the poorest speech 
recognition and may not be able to achieve greater than 90% discrimination, regardless of 
intensity (McArdle & Hnath-Chisolm, 2015). In such cases, amplification alone will not 
significantly aid in speech recognition and implementing additional auditory training and 
communication strategies should be advised (Benson et al., 2018). 
However, the CVC words lists and various other speech recognition tests have some 
limitations pertaining to their resemblance to everyday communication. The reliability of the 
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CVC words lists, for example, depends on controlled testing environments with low levels of 
ambient noise to avoid artificially increasing hearing thresholds (Boothroyd, 1968; Maclennan-
Smith et al., 2012; NZAS, 2016). Consequently, using solely this speech-in-quiet test approach 
will make a clinician less equipped to predict their client’s success with amplification in noisy, 
everyday environments (Beattie et al., 1997). Additionally, the simplicity of the speech in quiet 
test means that it has varying ability to differentiate between those with normal hearing (NH) 
from a those with a mild HI (Beattie et al., 1997). Not being able to differentiate between those 
with and without a HI is detrimental as many adults with a mild HI can still benefit from 
amplification (Kelly-Campbell et al., 2014). On the other hand, HAs can augment the difficulties 
experienced in background noise by some individuals with a HI (Kelly-Campbell & Lessoway, 
2015). In both cases, implementing speech-in-noise testing can improve rehabilitative outcomes 
(Beattie et al., 1997). 
 
1.3 Speech in Noise Testing 
For those with a HI, understanding speech in noise is complicated due to several 
physiological factors including: elevated hearing thresholds, loss of frequency selectivity, the 
presence of loudness recruitment, and impaired temporal resolution (Legris et al., 2018; Peters & 
Moore, 1992). Understanding speech in noise, therefore, is a primary concern of those with a HI 
(Beattie et al., 1997; Billings & Madsen, 2018; Dirks et al., 1982; Healy & Yoho, 2016). To test 
an individual’s capacity to communicate in every-day, noisy environments, some speech 
recognition tests can be conducted in the presence of noise (Hagerman, 1982; Portnuff & Bell, 
2019; Trounson, 2012).  
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1.3.1 Procedure 
Speech in noise tests involve the listener repeating various words or sentences in 
simultaneous background noise while the clinician alters the intensity of the signal or the noise 
(Legris et al., 2018). This change in intensity alters the signal to noise ratio (SNR), defined as the 
difference between the intensity of the speech and the noise (dB SNR) (Legris et al., 2018). The 
purpose of such tests is to locate the speech perception threshold (the SNR where the listener 
correctly identifies half of the test stimuli), and the maximum speech perception threshold (the 
SNR where the listener correctly identifies all the stimuli in a given list) (Legris et al., 2018). 
This information guides rehabilitative decision-making and can be used to counsel the client on 
different approaches (Beattie et al., 1997; Wilson et al., 2007). While such tests exist for clinical 
use, their uptake is slow and remains in beginning stages (Wagener & Brand, 2005).   
1.3.2 Acoustic Masking Noise 
 To simulate everyday communication environments in a clinic, masking noise is 
necessary. Multi-talker babble and continuous speech-shaped noise are two methods used with 
speech testing measures (Killion et al., 2004). Speech-shaped noise has similar spectral content 
to the target signal which can lend greater sensitivity than that provided by fluctuating babble 
noise (Francart et al., 2010; Wagener & Brand, 2005). Speech-shaped noise is therefore desired 
in research settings when discriminating between two variables (Nilsson et al., 1994; Plomp & 
Mimpen, 1979a; Wagener & Brand, 2005). On the other hand, multi-talker babble mimics 
background voices, which tends to be the most noticeable type of everyday background noise. 
This makes it more suited to clinical speech testing and achieves greater face-validity than 
speech-shaped noise (Francart et al., 2010, Hopkins & Moore, 2009; Killion, 2002, Killion et al., 
2004).  
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1.3.3 SRT and Psychometric Functions  
In tests that incorporate background noise, a psychometric function illustrates the listener’s 
performance as a percentage intelligibility score (%), as a function of the SNR. These 
psychometric functions are sigmoidal (s-shaped) and are typically described by the threshold 
level and the slope (Figure 1). Similar to the PI function produced in speech-in-quiet testing, the 
SRT for open-set tests is located at the point on the psychometric function of 50 percent 
intelligibility. 
 
Figure 1. Sigmoidal shape of a psychometric function measuring the proportion of correct 
responses as a function of the SNR (dB). Image from McClelland (2015, p.12). 
 
In noise, the accuracy of the SRT is dependent on the slope of the psychometric function 
at the location of the SRT. A strict inverse relationship exists between the psychometric function 
slope, and the accuracy of the SRT; a steeper slope at the SRT results in a lower standard 
deviation of the SRT (Ozimek et al., 2012). The sensitivity of the test is regulated by the slope of 
the psychometric function; the steeper the function, the greater the sensitivity (Figure 2). A 
higher sensitivity test (steeper psychometric slope) is preferred as fewer trials are necessary to 
accurately locate the SRT (Francart et al., 2010).  
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Figure 2. Comparison of psychometric functions with steep (dashed line) and shallow (solid line) 
slopes. Image from McClelland (2015, p.13). 
 
A test with higher sensitivity also means that a slight change in stimulus level causes a 
considerable change in the measured intelligibility value. This can be used to illustrate the 
potential benefit of slightly adjusting the SNR through amplification and can guide a clinician’s 
discussion with a client regarding the realistic expected benefits of varying amplification 
methods (Brand & Kollmeier, 2002; Wilson et al., 2007).  
1.3.4 Tracking the SNR  
Two different methods are used to estimate the SRT in speech perception tests: non-
adaptive and adaptive measures. The non-adaptive method uses varying levels of intensity that 
are calculated before the assessment begins, and do not change during the test. In an adaptive 
procedure the stimulus level for each trial is changed based on the previous response (Levitt, 
1971). A common adaptive procedure to measure thresholds is the up-down (staircase) response 
(Brown, 1996; Levitt, 1971; Plomp & Mimpen, 1979) where the stimulus level is adjusted up or 
down by a consistent value depending on the listener’s preceding response (Plomp & Mimpen, 
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1979). A correct response, for example, might result in the presentation level being reduced by 2 
dB, increasing the difficulty for the next presentation, and vice-versa. These adaptive tracking 
methods are reliable and efficient regardless of any changes in signal or noise and increase the 
overall reliability and efficiency of the test while also avoiding floor and ceiling effects (Lay, 
2019; Wagener & Brand, 2005).  
 
1.4 Sentence Testing 
1.4.1 Single-word or Sentence Stimuli 
Speech recognition tests typically require individuals to listen for single phonemes, 
words, or sentences (Dietz et al., 2014). Listeners are then scored on their ability to repeat, or 
otherwise identify, the presented stimuli. This is used to determine their speech perception 
ability. Shorter stimuli like phonemes or syllables are occasionally preferred for paediatric 
populations as the test picks up on repetitive phoneme errors and illustrates how a child discerns 
specific phonological variations (Neumann et al., 2012). Similarly, shorter stimuli can pick up 
word recognition errors due to confusion of consonants, such as /s/, /f/, or /th/, which are 
associated with a high-frequency, age-related HI (Stelmachowicz et al., 2004).  
Conversely, sentence-stimuli are beneficial as they mimic a normal conversation. 
Compared with single-words, sentence stimuli provides a broader dynamic range attributed to 
the varying fluctuations, intonations, pauses, and temporal and contextual cues present in real-
world conversational speech, which increases the test’s validity (Dietz et al., 2014; Killion et al., 
2004; Nilsson et al., 1994). Sentences also afford more words per trial than single-word stimuli 
which can increase the test efficiency (Hagerman, 1976; Hochmuth et al., 2012). Hagerman 
(1976) illustrates that doubling the number of words per sentence increases the accuracy of the 
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speech perception test by √2 (1.41). As a result, sentence-stimuli produce steeper psychometric 
functions than with single-word stimuli, leading to more accurate SRT measurements (discussed 
in section 1.3.3) (Hagerman, 1976; McArdle et al., 2005).   
The most common sentence tests are Plomp-type sentence tests which consist of 
phonemically balanced sentence lists based off everyday conversation, yet carry no consistent 
grammatical structure (Plomp & Mimpen, 1970; Wong et al., 2019). Neighbouring words within 
sentence-stimuli, however, provide some contextual cues (semantic, syntactic, and or prosodic) 
to the listener so that words can be extrapolated even if they were not heard correctly 
(Hutcherson et al., 1979). Neighbouring words reduce the accuracy of the speech recognition 
measure as the listener becomes less reliant on the exact acoustic properties of the signal and 
more reliant on their cognition (Kalikow et al., 1977; Madell & Flexer, 2014; Wilson et al., 
2007). Sentence stimuli is also more taxing on individual’s working memory capacity (WMC) as 
the listener must hold onto the each word until the end of the sentence before recalling each word 
(Cervera et al., 2009; Daneman & Carpenter, 1980; Theunissen et al., 2009). Nonetheless, 
current literature suggests that using sentence-stimuli for speech recognition testing more 
accurately estimates how the listener performs in daily life, primarily due to its resemblance of 
every-day communication (Hochmuth et al., 2012; Killion et al., 2004; Ozimek et al., 2009; 
Theunissen et al. 2009).  
1.4.2 Matrix Sentence Tests 
A Matrix Sentence Test (MST) is an alternative sentence-based speech recognition 
measure which uses fixed sets of syntactically-correct sentences that are semantically 
unpredictable for the listener (Hagerman, 1982; Hochmuth et al., 2012; Meister, 2016). The five-
word sentences (consisting of a name, verb, number, adjective, and object) are derived from a 
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five by ten-word matrix of words, giving rise to an essentially unlimited bank of up to 105 
(100,000) possible sentences. In modern implementations of this test (after Wagener et al., 
1999a-c), the words of the matrix are recorded separately so that there is co-articulation between 
words.  
Current literature agrees that MSTs assess a combination of signal processing, 
background noise, and individual WMC more consistently than with hearing in noise (HINT) 
testing (Plomp-type sentences) (Rudner et al., 2009; Rudner et al., 2011). These findings are 
parallel to those of other literature which indicate that linguistic factors, such as context, mitigate 
the influence of cognitive factors on the outcome of the speech recognition test (Wingfield et al., 
2015). Therefore, matrix sentence-style testing is likely more sensitive regarding cognitive 
affects, such as WMC compared with Plomp-type sentences. 
 
1.5 The UCAMST: A New Zealand Matrix Sentence Test 
Originally produced in Swedish by Hagerman (1982), various MSTs have since been 
produced internationally owing to performances on the test being impacted by the speakers 
accent and pronunciation (Hochmuth et al., 2012). MSTs are currently available in: Danish 
(Wagener et al., 2003), Dutch (Houben et al., 2014), Finnish (Dietz et al., 2014), French (Jansen 
et al., 2012), German (Wagener et al., 1999), Italian (Puglisi et al., 2015), Mandarin (Tao et al., 
2017), Russian (Boboshko et al., 2013), Polish (Ozimek et al., 2010), Spanish (Hochmuth et al., 
2012), and Turkish (Zokoll et al., 2015). However, New Zealand English is different to other 
forms of English largely due to differences in formant structure and vowel pronunciation 
(Maclagan & Hay, 2007).  
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As a result, The University of Canterbury Matrix Sentence Test (UCAMST) was 
established in New Zealand English by O’Beirne and Trounson for clinical purposes in NZ 
(O’Beirne et al., 2015; Trounson, 2012). It was adapted from the British English MST (Hall, 
2006) and uses recorded sentence stimuli spoken by a native NZ English speaker, with one of 
two different background noises: constant speech-shaped noise (King, 2010; Stone, 2016), or 
six-talker babble (Ripberger, 2018; Spencer, 2011). The five-word sentences are constructed 
from the matrix produced by Trounson (2012; Figure 3). 
 
 
Figure 3. The UCAMST word matrix (Trounson, 2012).  
 
The UCAMST can be administered under either a closed-set response format where the 
individual responds by selecting what they heard from a visible matrix, or an open-set response 
format where the response is given verbally without visual clues. The test has previously been 
cross validated with the CVC words list, and a significant relationship was found between the 
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SRTs of the two tests suggesting potential capacity for the UCAMST to replace the current CVC 
word recognition test in NZ clinical practice (Ripberger, 2018). 
1.5.1 Tracking Procedure 
The alternative adaptive tracking procedure employed for the UCAMST was created by 
Brand and Kollmeier (2002) to estimate the slope of the psychometric function and the SRT 
concurrently. The method works by tracking two points on the psychometric function, described 
as the “pair of compromise”, and generally refers to the 20 and 80 percent correct points. 
Measuring the listener’s SRT speeds the process of locating the threshold and this efficiency 
makes it preferential to non-adaptive procedures, whilst also avoiding floor and ceiling affects 
that can occur when scores are based on percentage correct (Levitt, 1978).  
1.5.2 Auditory-Visual Component 
The New Zealand English and Malay versions of the UCAMST are unique to other 
international matrix tests as they have the option to feature a visual recording which displays the 
speaker’s face as they present the sentence stimuli. Granting access to both auditory and visual 
speech signals gives complementary information which is combined so that speech 
understanding under auditory-visual (AV) conditions can exceed that of speech understanding in 
auditory-alone (AA) conditions, especially in situations with reduced SNRs (McClelland, 2015; 
Sommers et al., 2005; Sumby & Pollack, 1954; Tye-Murray, et al., 2007). Although, Llorach and 
colleagues (2019) created an AV version of the German MST (AV-OLSAf) which showed that 
in noise, the AV benefit was only 5 dB over the AA condition. Additionally, the AV modality 
suffered from floor and ceiling effects which were closely related to the listener’s speech reading 
abilities (Llorach et al., 2019).  Regardless, the ability to assess an individual’s performance 
under both conditions can give the test greater application, as it provides comprehensive insight 
 
Auditory memory and the UCAMST 14 
into how the individual performs in everyday listening environments which, in turn, can assist in 
producing a tailored rehabilitation program (Tye-Murray et al., 2007). These recordings have 
been extensively examined by Trounson (2012) and McClelland (2015) to ensure that the 
sentences appeared natural following their assembly from a base matrix of individual words.  
1.5.3 Sentence List Equivalence and Normalisation 
Assessing the sentence list equivalency and normalising test material so that each word in 
the matrix has equal intelligibility in noise has been a large focus in research pertaining to the 
UCAMST development (Jenkins-Foreman, 2018; McClelland, 2015; Ripberger, 2018; Stone, 
2016).  Regardless of response format, under the AV modality the UCAMST sentence lists are 
equivalent with respect to SRT and slope, and therefore the UCAMST sentence list stimuli can 
be used interchangeably between the open and closed set formats (Jenkins-Foreman, 2018; 
Stone, 2016). Conversely, under the AA modality some lists were significantly different with 
respect to SRT and slope (Jenkins-Foreman, 2018). Significant differences were observed in the 
SRT between the open- and closed-set response formats in both presentation modes.  
Regardless of sentence stimuli affording a more accurate representation of daily listening 
environments, the listener must listen and retain each word for the duration of the sentence in 
their auditory memory before responding, placing more demands on the listener’s cognitive 
capacity (Theunissen et al., 2009). It is well documented that WMC is reduced in paediatric, and 
senior adult populations (Foo et al., 2007; Hällgren et al., 2001; Humes et al., 2012; Jerger et al., 
1991), and this must be considered when implementing a sentence-test as not to confound an 
individual’s ability to hear with ability to remember. 
 
 
Auditory memory and the UCAMST 15 
1.6 Cognition: WMC and Attention 
1.6.1 WMC 
While several models exist to explain WMC, all conclude that it is a limited capacity 
cognitive system which involves active manipulation of information that is already being held in 
focal attention (Alloway et al., 2006; Baddeley & Hitch, 1974; Cowan, 2008; Glisky, 2007; 
Jonides et al., 2008; Park & Hedden, 2001; Reuter-Lorenz & Sylvester, 2005). The most 
common model of WMC, created by Baddeley and Hitch (1974), breaks WMC into three 
components: the phonological loop (auditory information), the visuo-spatial sketchpad (visual 
information), and the central executive (supervision of the other components). Of importance for 
audiological purposes is the phonological loop which is activated by auditory stimuli and may be 
referred to as auditory memory (Baddeley & Hitch, 1974). The phonological loop itself works by 
recalling speech sounds in their temporal order while maintaining and regenerating traces of 
memory by repeating the words in a loop (Baddeley, 1986; Baddeley & Hitch, 1974). This is 
different to short-term memory, which involves simply maintaining information for a short time 
period (Cowan, 2008; Glisky, 2007; Jonides et al., 2008). Importantly, WMC is typically 
reduced in young children school-aged children (Gathercole et al., 2004; Lendinez et al., 2015; 
Luna et al., 2004) and with increasing age in late adulthood (Glisky, 2007; Humes et al., 2012; 
Jerger et al., 1991; Pliatsikas et al., 2018).  
1.6.2 WMC and Sentence Testing 
As an auditory signal and other background noise is received by the auditory system, 
implicit sensory (bottom-up processes), are employed to describe the perception of the auditory 
signals (Pichora-Fuller et al., 1995). The listener then uses higher-order (top-down) cognitive 
processes including WMC and attention (Beechey et al., 2020; Rönnberg et al., 2013), to 
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optimize their understanding of the signal with reference to prior knowledge (Conway et al., 
2009).  
When conducting speech recognition testing there is an increased cognitive load, 
particularly with background noise or when the auditory signal is compromised (Akeroyd, 2008; 
Souza et al., 2015). The Ease of Language Understanding Model (ELU; Rönnberg et al., 2013) 
explains this phenomenon. For a listener with NH, when a signal is presented with no masking 
noise the perception and understanding of speech occurs automatically and effortlessly through 
an implicit process. However, if the speech input is compromised by way of a poor signal, HI, or 
background masking noise, an explicit process that exhausts cognitive resources is employed to 
make use of the compromised signal. The ELU model proposes that WMC may be utilised to 
restore the elements of speech input and improve speech perception in adverse listening 
environments with a low SNR (Rönnberg et al., 2013). Notably, in taxing cognitive resources 
with speech processing, greater listening effort is required (McGarrigle et al., 2014). 
For sentence-based speech tests, particularly those in noise, auditory speech processing 
and working memory are critical as the listener must process, unravel, and store the signal 
information for the duration of the sentence before identifying the constituent words (Cervera et 
al., 2009; Daneman & Carpenter, 1980). As WMC is in the order of seconds (provided rehearsal 
and active maintenance are avoided), a longer sentence has a longer duration, yielding greater 
taxes on WMC. Meister (2016) found a stronger relationship between cognitive functions, 
including WMC, when using sentence-based material and or background masking noise, 
compared with single-word tests in quiet. The effect of WMC on speech recognition tasks has 
been researched by van Rooij and Plomp (1990) and Akeroyd (2008) with both studies revealing 
clear associations between weakened WMC and increased SRTs. Cognition may then confound a 
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listener’s ability to understand complex stimuli in challenging listening environments. 
Consequently, WMC must be considered when conducting speech recognition testing, 
particularly when the test necessitates recall of full sentences which may be taxing on children 
and elderly populations. 
1.6.3 Testing WMC 
A handful of tests exist to capture individual differences in peoples WMC. The most 
well-known and common test of measuring WMC is the complex span test, where a researcher 
presents lists of items (digits or words) of increasing length (Conway et al., 2005; Daneman & 
Carpenter, 1980). An individual’s WMC is determined by the longest list length that they can 
remember accurately, on at least half of the trials. Miller (1956) proposed that humans have a 
memory span of roughly seven items ± two, however, this has been widely contested and shown 
to differ between populations and stimuli. Some literature suggests that memory span can change 
based on the category of stimuli used: a digit-span of seven, letter-span of six, and word-span of 
five (Crannell & Parish, 1957), while others estimate that WMC is even less; approximately four 
items in young adults and fewer in children and older adults (Cowan, 2001). It is also unclear 
how the effect of degraded listening conditions, like a reduced SNR, affects word-recall. 
Nonetheless, if approximations of word-recall length have been made between four to five under 
non-degraded listening conditions, the more cognitively demanding five-word UCAMST may be 
at risk of being influenced by WMC, particularly for younger and older populations. It would be 
beneficial, therefore, to administer a test of WMC such as the digit span test or letter number 
sequencing (Calamia et al., 2012), prior to conducting testing pertaining to the effects of WMC 
on the UCAMST and UCAMST‑P, in order to establish each participant’s baseline WMC to 
accurately discern the differences in cognitive loads between the two tests. 
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1.6.4 Working Memory in Older Populations  
For tasks requiring active manipulation, reorganisation, or integration of information held 
in their working memory, older adults experience significant deficits (Glisky, 2007). While 
research on older adults typically refers to adults aged over 60 years old (Cansino et al., 2020; 
Cansino et al., 2013; Klencklen et al., 2017), WMC likely starts to decline slowly from the age of 
thirty (Cansino et al., 2020; McNab et al., 2015). Several theories seek to suggest why this 
occurs, including: a reduction in processing and attentional resources (Craik, 1986; Craik & 
Byrd, 1982), a general slowing of processing information (Salthouse, 1995), and poor inhibitory 
control preventing deletion of information in working memory to make room for new 
information (Hasher & Zacks, 1988, Hasher et al., 1999; May et al., 1999; Park, 2000). Although 
the underlying cause of WMC reductions remains contested, auditory processing clearly declines 
with age and may be attributed to various cognitive, peripheral, and central aspects (Humes et 
al., 2012; Jerger et al., 1991).  
For individuals with a HI, WMC can be reduced even further. Lin et al. (2013) found a 
significant relationship between a person’s HI and their cognitive function: the greater the 
hearing impairment, the greater the risk of cognitive deterioration. This supports earlier literature 
which drew clear associations between increasing age and declines in WMC (Foo et al., 2007; 
Hällgren et al., 2001). Additional research indicates that a reduction in memory capacity can 
increase those individuals’ SRTs (Theunissen et al., 2009; van Rooij & Plomp, 1990). As adults 
over 65 years of age already have a greater prevalence of memory and hearing impairments (Li 
et al., 2006) and tests requiring WMC are by nature, cognitively demanding (Glisky, 2007), there 
is a real need to employ measures of speech recognition that locate the SRT accurately and 
efficiently in older populations (Newman & Sandridge, 2004).  
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1.6.5 Working Memory in Children 
Auditory memory capacity is also affected in childhood and adolescence as working 
memory develops in this time (Lendinez et al., 2015; Luna et al., 2004). The efficiency with 
which information can be updated and amended is progressively developed from birth 
throughout childhood as working memory improves, and as such, children’s performance on 
auditory listening tasks continually improves as a child matures (Gathercole et al., 2004). Due to 
greater developmental variation in younger age groups, there is also increased variability in the 
speech recognition scores of younger children compared to older children (Holder et al., 2016; 
Ng et al., 2011; Wilson et al., 2010). As with senior populations, these reductions in memory 
capacity can increase speech recognition thresholds, raising the importance of auditory memory 
when implementing speech recognition tests (Cervera et al., 2009; McArdle et al., 2005; 
Theunissen et al., 2009; van Rooij & Plomp, 1990; Wilson et al., 2007).  
Children with a HI are consistently shown to have delays in their auditory memory 
development (Dawson et al., 2002; Pisoni & Cleary, 2003; Pisoni et al., 2008). There is some 
agreement across the literature that a ‘sensitive’ period of auditory memory development occurs 
at some point before age eight (King et al., 2002; Purdy et al., 2002; Tremblay, et al., 1997). 
Therefore, children who experience auditory deprivation due to a HI during early developmental 
years may have impaired ability to optimise their WMC and, as such, a HI may appear 
augmented when implementing speech recognition testing that is taxing on cognitive resources 
(Davidson et al., 2019). A concise speech recognition test that reflects an individual’s true ability 
to listen in noisy environments is therefore warranted (Cervera et al., 2009; McArdle et al., 2005; 
van Rooij & Plomp, 1990; Wilson et al., 2007). 
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1.7 Paediatric Speech Recognition Testing 
The current test battery for paediatric populations is near-identical to that of adults, 
however. Behavioural tests, including PTA and speech audiometry, must be adapted to suit the 
child’s age, physical ability, cognitive function, and presence of any other confounding 
disabilities (Diefendorf & Wynne, 2004; NZAS, 2015). Children can have varying levels of 
language development, particularly those with a HI, who are susceptible to delayed language 
development and a smaller vocabulary (Cupples et al., 2017; Percy-Smith et al., 2018; Walker et 
al., 2015). Therefore, speech recognition tests must not be swayed by a child’s vocabulary 
comprehension, higher-level language abilities, speech pronunciation skills or phonological 
knowledge (Kosky & Boothroyd, 2003; Neumann et al., 2012). As the length of the test is 
primarily dictated by the child’s fatigue, the test must also account for the child’s attention 
levels, how interesting the test is for the child, and the efficiency of the test (Neuman et al., 
2012). Therefore, currently available speech intelligibility tests designed for adult use are not 
always desirable for paediatric assessment (Wagener & Kollmeier, 2005). This has led to the 
implementation of various paediatric speech testing measures that consider both vocabulary level 
and test length (Neumann et al., 2012; Willberg et al., 2020). 
1.7.1 Kendall Toy Test 
For NZ paediatric populations, it is common practice to employ the Kendall Toy Test 
(KTT) to assess speech perception. The KTT has 15 images of monosyllabic nouns: ten test 
items and five distractor items. The child is firstly familiarized with the images, after which the 
clinician reads out each item, following a carrier phrase such as “point to the ___” (e.g., point to 
the duck), all while covering their mouth to avoid visual cues. The first 5 distractor items are 
presented initially at a normal volume speech level of around 55-60 dB A. For the testing items, 
 
Auditory memory and the UCAMST 21 
the audiologist will typically present at below 40 dB A, as a child with NH will achieve greater 
than or equal to 90% correct at 35 dB A (A weighted decibels; Ministry of Health (MOH), 2016, 
p. 64).  
Despite the wide administration of the KTT in New Zealand, several factors reduce the 
test’s validity. First, the KTT is administered using monitored live voice that has poorer accuracy 
and reliability compared with recorded stimuli, as the result can be influenced by who, and 
where, the test is conducted (Ostergard, 1983; Theunissen et al., 2009; Uhler et al., 2016). As a 
result, a child’s speech recognition ability is commonly overestimated (Madell & Flexer, 2014). 
Furthermore, a sound level meter (SLM) must be used to measure the intensity of the stimuli. 
The New Zealand Universal Neonatal Hearing Screening and Early Intervention Programme 
(UNHSEIP) states that there should be equal distance between the SLM, the child, and the 
clinician, (in a triangle-like arrangement) (MOH, 2016, p.64). However, this distance is 
frequently based of visual estimate alone which can reduce inter and intra- test reliability.  
Second, there is no formal manual in New Zealand for administering or scoring, nor any 
normative data for the KTT; the current method was developed from the Australian test version 
which employed 5 vowel pairs and 5 distractor items (Antognelli, 1986). The current passing 
level of 35 dB A was also based on normal average pure tone thresholds ≤ 15 dB HL 
(Antognelli, 1986; MOH, 2016). However, hearing screening is conducted to 20 dB HL in NZ, 
and a pass level of 40 dB A is recommended for the KTT in NZ settings (MOH, 2016). 
However, there is a lack of literature appraising the validity of a pass level at 40 dB A for the 
KTT, raising concerns about its validity as a speech perception measure. Moreover, there are a 
range of techniques employed to establish the total percentage when the intensity is lifted above 
35 dB A.  
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Third, the test uses single-word stimuli, and is conducted in quiet environments, reducing 
the degree to which the results represent the child’s ability to communicate in the real-world. 
Sentences are frequently considered superior than single-word stimuli as they afford a more 
accurate depiction of real-life listening environments, have better sensitivity due to steeper 
psychometric functions, and they can assess how well a child can fill in the gaps that can indicate 
their communication capacity in day-to-day settings (Bell & Wilson, 2001; Madell & Flexer, 
2014; Neumann et al., 2012). Using more words per trial, in the case of sentences, also improves 
the tests reliability which is an important factor for paediatric populations for whom the length of 
the test is primarily influenced by the child’s fatigue level (Neumann et al., 2012).  
1.7.2 Current Paediatric Speech in Noise Measures 
Few measures exist to test paediatric speech recognition in noise (Schafer, 2010). Two 
more common tests are the Hearing in Noise Test for Children (HINT-C; Nilsson et al., 1994), 
and the Bamford-Kowal-Bench Speech-in-Noise test (BKB-SIN; Etymōtic Research, 2005). 
However, both require vocabulary levels that exceed that of a typical 5-year old child. While the 
BKB-SIN uses an adaptive procedure to measure the SNR loss in multi-talker babble, the use of 
standard SNRs make it prone to floor and ceiling affects and the results can be difficult to 
interpret (Etymōtic Research, 2005; Schafer, 2010). The HINT-C uses stimuli appropriate for 
children between six and twelve-years-old and can be conducted both in quiet and with speech-
shaped noise (Nilsson et al., 1994). However, speech-shaped noise is not as representative or 
challenging as multi-talker babble in a classroom setting (Schafer, 2010; Sperry et al., 1997). The 
HINT-C is also an expensive test to run (Schafer, 2010). 
A speech-in-noise test designed for younger children and currently used in NZ is the 
Paediatric Speech Intelligibility test (PSI; Jerger & Jerger, 1982). It is a closed-set measure, 
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requiring that children listen to the speech stimuli and point to their response displayed on a 
picture card. Both monosyllabic words and sentences are used and are each presented under both 
quiet and noisy conditions (Jerger & Jerger, 1982). However, it employs fixed signal levels and 
can cause floor and ceiling effects, unless administration of multiple lists is undertaken to 
identify the best SNR for each child (Jerger & Jerger, 1982; Schafer, 2010). At this age, young 
children may not be equipped with attention spans required to perform various PSI lists at 
differing SNRs. Also, while the chosen masker is single talker competing noise, Schafer (2010) 
discusses that this may not be sufficiently challenging or representative of true noise encountered 
in typical classroom environments. Due to the lack of validity and reliability pertaining to the 
KTT, as well as various limitations pertaining to the currently available paediatric speech-in-
noise measures, a new standardised paediatric sentence-based speech recognition test, with 
greater reliability and validity is justified. 
1.7.3 Paediatric MSTs 
As discussed in section 1.6, children have, on average, poorer WMC that may hinder 
their ability to hold onto their answer in their short-term auditory memory while they search for 
the right button (Cervera et al., 2009; Theunissen et al., 2009; van Rooij & Plomp, 1990). 
Hancock and colleagues (2007) state that more complex cognitive tasks necessitate greater 
processing than simple tasks which lead to longer reaction times. As an MST is a sentence test 
that is typically presented in noise, investigation into the impact that auditory WMC has on the 
test is warranted. In particular, whether a shorter sentence stimulus is more suitable for those 
with poorer auditory memory. 
Some modified versions of the conventional Hagerman (1982) five by ten-word matrix 
sentence test have been developed for paediatric use including: the German Olderburger Kinder-
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Satztest (OlKiSa; Neumann et al., 2012), adapted from the Oldenburge Staztest (OLSa; Wagener 
et al., 1999a; Wagener, et al., 1999b; Wagener, et al., 1999c); the Polish Paediatric Matrix 
Sentence Test (PPMST; Ozimek et al., 2012), adapted from the Polish Matrix Sentence Test 
(Ozimek et al., 2010); and more recently, the Finnish Simplified Matrix Sentence Test 
(FINSIMAT; Willberg et al., 2020) adapted from the Finnish Matrix Sentence Test (FMST; 
Dietz et al., 2014; 2015) and the Simplified Italian Matrix Test (SilMax; Puglisi et al., 2021) 
adapted from the Italian Matrix Sentence Test (ITAMatrix test; Puglisi et al., 2015). These 
paediatric versions use three-word pseudo-sentences consisting of a number, adjective, and 
object, compared to the conventional five-word sentences. Reducing the number of test items per 
sentence simultaneously increases the measure’s sensitivity and reliability as the length of the 
test is dictated by the child’s level of fatigue (Neumann et al., 2012). In these paediatric MSTs, 
children have the option to repeat what they heard in an open-set response format, or, in the case 
of the PPMST, a picture-pointing response version was also available for children who may have 
difficulty with verbal responses (Ozimek et al., 2012). Despite having fewer words per 
presentation, test-retest reliability is comparable (Willberg et al., 2020). Finally, the shorter 
sentences of the paediatric MSTs are likely to be more appropriate for the WMC of older 
populations. 
 
1.8 The UCAMST‑P: A New Zealand Paediatric Matrix Sentence Test 
1.8.1 Development of the UCAMST‑P 
Jenkins-Foreman (2018) edited the original five by ten word UCAMST matrix to create a 
smaller three by six word matrix, the UCAMST‑P (Figure 4). The first two columns of the 
UCAMST matrix (name and verb columns) were removed to allow the creation of three-word 
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pseudo-sentences (quantity, adjective, object). Further removal of words to reduce the number of 
rows from ten to six was based on four main criteria (Jenkins-Foreman, 2018): the word’s 
naturalness following auditory and visual editing, the word’s lexical appropriateness for 
paediatric populations, the steepness of the psychometric slope, and the word’s capability to be 
presented in both constant and babble noise.  
 
 
Figure 4. The UCAMST‑P matrix. From Jenkins-Foreman (2018, p. 64). 
 
The UCAMST‑P matrix fulfils the need to have a test that is not biased by a child’s 
vocabulary level or higher-level language abilities that could occur with the greater cognitive 
demands of the original 5x10 Hagerman (1982) tests (Kosky & Boothroyd, 2003; Neumann et 
al., 2012). The shorter three-word pseudo-sentences have also been found to decrease the effects 
that attention and fatigue have on longer sentences (Neumann et al., 2012; Wagener et al., 
1999a-c; Wagener & Kollmeier, 2005) 
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1.8.2 Response Formats 
Like the UCAMST, the UCAMST‑P can be administered in either a closed-set or open-
set response format. A closed set may be advantageous for young paediatric populations if the 
child is shy or has difficulty with pronunciation, as they can compare their answer with defined 
alternatives, whereas open-set testing leans on their vocabulary and lexical memory (Clopper et 
al., 2006). However, Madell and Flexer (2014), recommend that open-set testing should be used 
as soon as a child is capable of the task as it affords a more realistic view of the listener’s speech 
perception abilities with everyday communication. Ripberger (2018) also suggested that older 
populations with cognitive deterioration may score better in the open set, due to greater 
intellectual burden that is associated with self-scoring in the closed set modality, although this 
has not been researched further. 
1.8.3 Sentence List Equivalence and Normalisation 
Jenkins-Foreman (2018) assessed the UCAMST‑P for sentence list equivalence within 
each presentation mode, equivalence between each presentation mode, and whether practice 
before the list made a difference to each test condition. The UCAMST‑P lists were equivalent 
with respect to SRT and slope under the AV modality, regardless of the response format. 
Conversely, the SRTs were inequivalent for both response formats under the AA modality. 
While the slope of the intelligibility function for the AA, open set was also inequivalent, the 
slope for the AA, closed-set condition was equivalent. Finally, no significant impact of training 
was identified for the UCAMST‑P with regards to the SRT or slope. Unfortunately, an error was 
made in calculations by Jenkins-Foreman (2018) pertaining to the UCAMST‑P leading to error 
in this analyses of sentence list equivalence, condition equivalence, and the effect of training 
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preceding testing (Jenkins-Foreman, 2018). This error will be remediated and reanalysed in the 
current thesis. 
Following the generation of Jenkins-Foreman’s (2018) data, Lay (2019) formulated new 
sentence lists to improve list equivalency in the AA, open set condition. However, these lists 
were based off the erroneous results produced by Jenkins-Foreman (2018) which subsequently 
impacted the results. The lists generated by Lay (2019) will be recalculated in the current study 
and compared with the amended results of Jenkins-Foreman (2018) to determine whether they 
are more equivalent. 
To allow for interpreting UCAMST‑P test scores with greater confidence, Lay (2019) 
also collected normative data for six to 12-year-olds in the AA, open-set condition. SRT scores 
improved with age up to approximately 10 years, before plateauing for the remaining age groups. 
This aligns with trends in current literature demonstrating a maturational effect between age and 
performance on auditory listening tasks speech recognition test performance (Gathercole et al., 
2004; McGaffin, 2007; Neumann et al., 2012; O’Beirne et al. 2012; Wilson et al., 2010; Yau, 
2018). However, there were some limitations that affected the accuracy of the normative data 
produced, largely pertaining to the small sample size, multiple testers, and school testing 
environment (Lay, 2019).  
1.8.4 Cognitive Load of Current Paediatric MSTs 
In the German paediatric MST (OlKiSa), children in their first year of primary school 
appeared to do worse than those in older year groups, requiring 1-2 dB greater SNR for 
equivalent performance (Neumann et al., 2012). This was attributed to an age effect whereby 
younger children have a poorer auditory memory span (Neumann et al. 2012). This aligns with 
previous research by Gathercole and colleagues (2004) who found that a child’s auditory 
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working memory, and therefore their performance on auditory listening tasks, progressively 
improves with age.  
Additionally, Willberg and colleagues (2020) discussed that while these MSTs are 
intended for paediatric populations, their concise characteristics, multiple response options, and 
different modalities, could make them highly appropriate for elderly clients whom may have age-
related cognitive decline. Failure to consider the effects of auditory memory may lead to poorer 
rehabilitation outcomes as the impact of working memory may augment an apparent hearing 
impairment, potentially deceiving the clinician and resulting in the selection of a less optimal 
rehabilitation strategy.  
 
1.9 Response Times and Response Orders 
1.9.1 WMC and Response Times 
More complex cognitive tasks like sentence testing in noise necessitate greater processing 
and are more taxing on auditory working memory than simple tasks. This can result in both 
longer reaction times (Hancock et al., 2007; Heinrich et al., 2015; Kahana & Loftus, 1999; 
McGarrigle at al., 2014) and increased error rate (Kahana & Loftus, 1999). Reaction times and 
accuracy have been measured in previous studies of cognition to evaluate WMC (Aronen et al., 
2005; Hancock et al., 2007; Hülür et al., 2019; Meister et al., 2018). Meister and colleagues 
(2018) examined response times of a five-word MST (the OLSA; Wagener et al., 1999a; 
Wagener, et al., 1999b; Wagener, et al., 1999c) as a potential measure of cognitive load during 
standard speech audiometry. They found that response times were faster for the higher 
intelligibility level (95%) compared with the lower intelligibility level (80%), and for fluctuating 
noise compared with stationary noise. There was also a difference between listener groups: 
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response times were fastest for the younger group with NH (median age 21.5 years), followed by 
the older group with NH (median age of 71.0 years), with the slowest responses coming from the 
older group with HI (median age of 74.8 years). It is expected therefore, that the shortened 
UCAMST‑P will be less taxing on WMC, thus yielding faster and more accurate responses. In 
such case, it may be deemed more suitable for paediatric and older populations.  
1.9.2 Effects of Stimuli on Response Time 
In tests of free recall, memory span for verbal stimuli, such as digits, letters, and words, 
depends on two factors: the phonological complexity of the content (the number of phonemes 
and syllables) and on the lexical difficulty of the stimuli (Hulme et al., 1995; Poirier & Saint-
Aubin, 1996; Service, 1998). As the selection of UCAMST items for the UCAMST‑P was 
weighted towards simple vocabulary in order to be applicable for paediatric populations 
(Jenkins-Foreman, 2018; Trounson, 2012), this should reduce taxes on WMC. For example, 
some words like “dark” and “shirt” were excluded from the UCAMST‑P matrix based on their 
lexical difficulty (Jenkins-Foreman, 2018).  
Additionally, more words can be remembered in a test of free recall when the words have 
shorter spoken duration (the word-length effect; Baddeley et al., 1975) and when their speech 
sounds are similar to each other (phonological similarity effect; Conrad & Hull, 1964). 
Consequently, the short word, single-syllable stimuli of the three-word pseudo-sentences may be 
less cognitively taxing than the five-word sentences of the UCAMST, all of which have two 
syllables in their first word (the name item). However, the findings from such free recall tests 
cannot be inferred for MSTs, as tests of free recall are do not use sentence-stimuli, nor are they 
administered with background noise. Nonetheless, it was expected that response times would be 
faster for the easier condition (3-word UCAMST‑P, higher SNR, practice) compared with the 
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harder conditions (5-word UCAMST, lower SNR, no practice) due to the assumed differences in 
their cognitive demands. It was anticipated that following the current research, it may therefore 
be appropriate to recommend the UCAMST‑P for both paediatric and elderly populations to 
account for their reduced WMC.  
1.9.3 Response Order 
Alongside response times, the order with which participants select their response may 
provide complementary insight into how the UCAMST and the UCAMST‑P are influenced by a 
listener’s WMC. When testing memory under free-recall, items presented earlier and later are 
recalled more accurately than items presented midway through. The advantage given to the first 
and last words are deemed primacy and recency effects, respectively (Kahana & Loftus, 1999). 
Participants who are required to recall words, rehearse the words in their working memory as 
they are presented. Specifically, they rehearse the previous words with each new word that is 
added (Glenberg et al., 1980; Marshall & Werder, 1972; Rundus, 1971, 1980). Due to the length 
of the lists that are recalled in those tests, Murdock (1962) suggested this process may 
incorporate both long-term memory for the first few items, and short-term memory for the final 
few. However, these traditional tests of free recall employ words from a large set that greatly 
exceeds the recall required for that of the 3-word and 5-word MSTs. It is unclear whether these 
findings of a free-recall test align with the semantically unpredictable sentences of the UCAMST 
and UCAMST‑P, particularly when tested under degraded listening conditions where working 
memory is heavily taxed to make sense of the signal (Akeroyd, 2008; Souza et al., 2015). 
Another key notion in memory research is that stimuli which are processed sequentially, 
end up associated with each other. For example, after recalling item 1, item 2 is more likely to be 
immediately recalled than item 5. The chance of forward sequential transitions (item 2 then item 
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3) is approximately double that of backward transitions (item 5 then item 4) (Kahana & Loftus, 
1999). As Kahana and Loftus (1999) suggest that sequential responses are twice as likely in tasks 
of free recall under simple listening conditions, it is expected that the responses for the 
UCAMST‑P and tests under high SNR conditions will be quick and sequential as the responses 
can be held in the short-term memory, requiring just bottom-up processing (Pichora-Fuller et al., 
1995). On the other hand, as difficult listening situations like the 5-word UCAMST and a 
reduced SNR are likely more taxing on WMC (Akeroyd, 2008; Souza et al., 2015) responses 
may be both slower and less sequential (Beechey et al., 2020; Rönnberg et al., 2013). In this case 
the UCAMST‑P could be recommended as the more appropriate speech recognition test for 
individuals with reduced WMC. 
 
1.10 Study Rationale 
1.10.1 Part A: Revised Sentence Equivalence Results 
Comprehensive research has been undertaken to develop and prepare the UCAMST and 
UCASMT-P for clinical use (Jenkins-Foreman, 2018; Lay, 2019; McClelland, 2015; O’Beirne, 
et al., 2015; Ripberger, 2018; Stone, 2016; Trounson, 2012). However, due to the error made in 
the data calculations associated with the UCAMST‑P in Jenkins-Foreman’s (2018) thesis, re-
calculation and re-analysis of the results associated with the UCAMST‑P is required to satisfy 
the original research aims; to assess the reliability and sensitivity of the newly produced 
UCAMST‑P in estimating SRTs.  
1.10.2 Part B: Auditory Memory and the UCAMST 
The clear effect of auditory WMC on speech recognition testing necessitates research into 
whether the UCAMST‑P is more suitable than the UCAMST for populations with poorer 
auditory working memory. Failure to consider the effects of WMC may lead to poorer 
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rehabilitation outcomes as the impact of working memory may augment an apparent hearing 
impairment, potentially deceiving the clinician into selecting a less than optimal rehabilitation 
strategy. As discussed above in Section 1.6, both children and the elderly have shorter WMC 
(Cervera et al., 2009; Theunissen et al., 2009; van Rooij & Plomp, 1990) which may result in 
difficulty holding their answer in their working memory while they search for the right button. 
Unanalysed data from Jenkins-Foreman (2018) includes participants reaction times taken 
to select their response on the matrix response panel for both the UCAMST and UCAMST‑P 
under the closed-set condition, as well as whether the response was correct, whether the stimuli 
was presented with a high or low SNR (roughly corresponding to the 80% and 20% intelligibility 
levels), and whether or not the sentence was preceded by practice. It was expected that the harder 
conditions (5-word, high SNR, and without practice), would yield longer response times than the 
easier conditions (3-word, low SNR, and with practice) due to the extra demands on auditory 
memory. The order with which words are pressed in each sentence were also collected by 
Jenkins-Foreman (2018). This information affords insight into how auditory memory affects the 
responses of listeners. Similarly, it was expected that the harder conditions would give rise to 
less sequential responses compared with the easier conditions, as the more difficult listening 
situations requiring greater listening effort might cause listeners to “lock in” those responses they 
are confident in before attempting those they might have less confidence in. 
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1.11 Aims and Hypotheses 
1.11.1 Part A: Revised List Equivalence 
The aim of the current study was to recalculate and discuss the data sourced from 
Jenkins-Foreman (2018) pertaining to the AA condition of the UCAMST‑P. To do so, similar 
research questions to those proposed by Jenkins-Foreman (2018; p. 47-48) will be revisited: 
1) Are the lists equivalent within each condition (i.e. AA, open-set; AA, closed-set) with 
regards to SRT and slope for the UCAMST‑P? 
2) Are the open- and closed-set response formats equivalent within each mode of 
presentation (i.e. AA, open-set; AA, closed-set) with regards to SRT and slope for the 
UCAMST‑P? 
 
The following hypotheses were initially proposed by Jenkins-Foreman (2018; p. 48-51) 
and will be revisited for the current research project:  
For research question 1: 
1) That no significant differences would be found between the UCAMST‑P sentence lists with 
regards to SRT in the:  
a. AA, open-set condition  
b. AA, closed-set condition  
2) That no significant differences would be found between the UCAMST‑P sentence lists with 
regards to slope in the:  
a. AA, open-set condition  
b. AA, closed-set condition  
For research question 2:  
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3) That no significant differences would be found between the open-set and closed-set response 
formats of the UCAMST‑P in the AA mode of presentation with regards to:  
a. SRT 
b. Slope 
1.11.2 Part B: Response Times and Auditory Memory 
This thesis used data from Jenkins-Foreman (2018) to examine whether the UCAMST‑P 
may be more suitable for those with reduced or developing working memory, including NZ’s 
paediatric population and senior adults. In order to evaluate the impact of auditory memory, the 
current research project endeavoured to answer the following research questions: 
3) Is there a significant difference between the tests and conditions, (i.e. UCAMST‑P, 
UCAMST; high SNR, low SNR; practice, no practice) with regards to response 
times? 
4) Is there a significant difference between the tests and conditions, (i.e. UCAMST‑P, 
UCAMST; high SNR, low SNR; practice, no practice) with regards to word selection 
order? 
The following hypotheses were proposed for the current research project: 
For research question 3: 
4) That response times will be faster for the: 
a. UCAMST‑P than the UCAMST 
b. Higher SNR than poorer SNR 
c. With practice than without practice 
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For research question 4: 
5) That button pressing will be more sequential for the: 
a. UCAMST‑P than the UCAMST 
b. Higher SNR than poorer SNR 
c. With practice than without practice  
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Chapter Two: Methods 
 
2.1  Data Collection 
The current study will reanalyse Jenkins-Foreman’s (2018) results pertaining to the 
UCAMST‑P due to a miscalculation in the original analysis, as well as analyse surplus data from 
Jenkins-Foreman (2018) regarding the reaction times of participants for the UCAMST and 
UCAMST‑P using the AA modality under closed-set conditions. Importantly, use of this pre-
existing data means that data collection was performed wholly by Jenkins-Foreman (2018).  
2.1.1 Participants (Jenkins-Foreman, 2018) 
2.1.1.1 Inclusion Criteria 
Participants had to be native NZ English speakers to verify the appropriate use of the 
UCAMST‑P in NZ settings, particularly as speech intelligibility is significantly reduced when 
listening to a non-native speaker (Zokoll et al., 2013). Participants also needed to be at least 18 
years old as a person’s ability to continually focus for a given task improves during adolescence 
(Betts et al., 2006). Finally, they were required to have NH (in accordance with Goodman 
(1965)) so that data was not confounded by a HI, as well as sufficient dexterity and visual acuity 
to select words on a screen. 
2.1.1.2 Participants 
Participants were recruited through the University of Canterbury Department of 
Communication Disorders. An email invitation was circulated that outlined the research project 
and the inclusion criteria for participants. To achieve sufficient statistical power based on 
G*Power 3.1 calculations (Jenkins-Foreman, 2018), 31 participants were needed, although, 40 
participants were required based on the testing structure. A total of 43 participants aged between 
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19 to 48 years old met the inclusion criteria and were recruited. 11 were males and 32 were 
females. A $20 voucher was given to all participants to thank them for their contribution. 
2.1.2  Stimuli 
2.1.2.1 UCAMST 
Testing all 100,000 potential UCAMST sentences was unfeasible so an iterative 
procedure (described by Stone, 2016) was instead used to create 16 lists of 10 sentences 
(appendix A1). Every list had precisely one occurrence of each word in every position so that 
each list was constrained to the same average slope value.  Within each list, care was taken to 
homogenise the slope values so that listeners did not encounter some sentences with a very low 
slope and others with a very high slope. Each of the lists had a very low standard deviation of 
slope values, and no sentences were repeated between lists.  
2.1.2.2 UCAMST‑P 
The sentences for the UCAMST‑P were produced by Jenkins-Foreman (2018) who 
systematically created all 216 (63) available pseudo-sentences and then rejected sentences with a 
transition judder1 magnitude of three or greater (Stone, 2016; Trounson, 2012). This process cut 
the available number of pseudo-sentences from 216 to 162. All 162 pseudo-sentences could be 
analysed in the same time frame given for the 16 lists of 10 sentences from the UCAMST’s 5 by 
10 matrix, in an almost identical procedure. Consideration was made to avoid any replicate two-
word pairs in a single list (e.g. no repeats of “ten small” or “three books”) and to avoid any 
noticeable patterns in responses (e.g. third word in each column). This resulted in 162 pseudo-
 
 
1 A “judder” is an interruption to the smooth visual transition between two words in a matrix sentence 
when presented in the auditory-visual condition. Sentences and pseudo-sentences with a high degree of 
measured judder were excluded from the test lists. 
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sentences being sorted into 14 lists of 10 and two lists of 11 for testing (appendix A2). The two 
leftover sentences “twelve old bikes” and “ten new spoons” were manually distributed into lists.  
2.1.3 Presentation Levels 
Sentence stimuli were presented bilaterally at 65 dB SPL. To every SNR that was 
acquired, 3.85 dB SPL was added in accordance with the signal calibrations found by Stone 
(2016). Although the UCAMST and UCAMST‑P use an adaptive tracking procedure to locate 
the SRT, this study used set SNR levels for the verification procedure. All sentence lists in the 
UCAMST and the UCAMST‑P were presented in constant masking noise at two different SNRs 
for both the open-set (-11.6 dB SNR and -6.0 dB SNR) and closed-set (-14.0 dB SNR and -7.4 
dB SNR) response formats to allow for approximation of the pair of compromise (the location at 
which 80% and 20% scores are predicted to lie). This allowed simultaneous estimates of the 
slope and the psychometric function to be found, from which the SRT could also be derived 
(Brand & Kollmeier, 2002). Each SNR was randomly distributed to half of the sentences in each 
list to ensure that an equal proportion of sentences were presented at both SNRs.  
2.1.4 Experimental Instrumentation 
The initial hearing screening and experimental procedures were conducted at the 
University of Canterbury Speech and Hearing Clinic (Christchurch, New Zealand) in sound-
proof audiological testing booths. The preliminary hearing screening was conducted in 
accordance with the NZAS best practice guidelines to obtain participant’s audiometric thresholds 
(NZAS, 2016). This required testing of octave pure tones between 250 to 8000 Hz using a 
calibrated Grason-Stadler GSE 61 clinical audiometer. Tones were administered via Telephonics 
TDH-50P supra-aural headphones, and a RadioEar B-71 bone transducer was used to obtain 
bone conduction thresholds using pure-tones at 500, 1000, 2000, and 4000 Hz. Participants 
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responded by pressing the response button connected to the audiometer. The UCAMST and 
UCAMST‑P software that was used for normalisation was developed by Professor Greg 
O’Beirne using LabVIEW. An HP EliteDesk 800 G1 and Phillips Brilliance 241B monitor were 
used to run the software. These were connected to an ēlo touch-sensitive monitor (ēlo 
ET17115L, Tyco Electronics, CA, USA) which displayed the visual modality and presented 
response options for the participants in the closed-set response formats for both the UCAMST 
and UCAMST‑P. The sentence stimuli and the masking noise were both presented via Senheiser 
HD 280 Pro (64 Ω impedance) circumaural headphones driven by a Sound Blaster X-Fi 
Surround 5.1 Pro USB sound card connected to the computer. 
2.1.5 Experimental Procedures 
Each participant read information and consent forms and were given time to ask 
questions, after which each participant gave informed consent. Participants were asked questions 
about their ear health and otoscopy was to check the health of the outer and middle ear. A 
hearing screening was performed to ensure that participants had normal hearing so as not to 
confound the test outcomes. All participants had normal hearing and could proceed with the 
study (appendix B). 
Each participant was then randomly assigned to one of four testing blocks, each block 
presenting the tests and presentation modes in different orders (Table 1; presented from left to 
right). In total, the participants were presented with 40 sentences for each of the five-word and 
three-word sentences, under both the AA and AV presentation modes. The participants 
responded in both open-set and then closed-set formats where each constituent word was scored 
as correct or incorrect. Jenkins-Foreman (2018) administered the open-set response format 
before the closed-set format to reduce the likelihood of any learning effects that may occur if the 
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closed-set responses were conducted first. In this way, the block testing method incorporated 
every test condition so that each participant could act as their own control. 
 
Table 1. Block Testing Conditions 
Block One 
Auditory-alone Auditory-visual 
Open-set Closed-set Open-set Closed-set 
P5 5 3 P5 5 3 P5 5 3 P5 5 3 
Block Two 
Auditory-visual Auditory-alone 
Open-set Closed-set Open-set Closed-set 
P5 5 3 P5 5 3 P5 5 3 P5 5 3 
Block Three 
Auditory-alone Auditory-visual 
Open-set Closed-set Open-set Closed-set 
P3 3 5 P3 3 5 P3 3 5 P3 3 5 
Block Four 
Auditory-visual Auditory-alone 
Open-set Closed-set Open-set Closed-set 
P3 3 5 P3 3 5 P3 3 5 P3 3 5 
Note. Auditory-alone = auditory-alone mode of presentation; Auditory-visual = Auditory-visual 
mode of presentation; Open-set = open-set response format; Closed-set = closed-set response 
format; P = practice; 5 = five-word sentences from the UCAMST; 3 = three-word sentences from 
the UCAMST‑P.  
Table from Jenkins-Foreman (2018, p. 62).  
 
All experimental testing was completed in a sound-treated booth. For the test, participants 
were required to wear headphones which administered the UCAMST tests binaurally. 
Participants had a touch screen display in front of them that displayed the video for the auditory-
visual presentations when required, and then showed the closed-set testing matrices when testing 
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in that mode; the 50-word response table for the UCAMST, or the 18-word response table for the 
UCAMST‑P (Figures 5 and 6).  
 
 
Figure 5. The UCAMST closed-set response panel. Image retrieved from Jenkins-Foreman 
(2018, p.63). 
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Participants were instructed verbally that they would hear multiple sentences with 
differing intensities of background noise. Although written instructions describing each task 
were provided on the touch-sensitive monitor at the beginning of each new test, the participants 
were also verbally instructed to repeat the sentence out loud in the case of open-set testing, or to 
select their answer on the touch screen when this option was available. Guessing was encouraged 
if they were not sure. Participants were also notified that a full sentence response was required to 
move on to the next sentence in the closed-set modality.  
At the beginning of each presentation mode and response format, Jenkins-Foreman 
(2018) presented two practice lists of 20 sentences to make sure that the participants understood 
the task and to allow for the training effect, as well as to stabilise their performance before 
starting to test (Wagener et al., 2003). Including the practice lists, this summed up to 480 
sentences. Notably, the participants were encouraged to take regular breaks as necessary as the 
test was long and required sustained concentration. The testing procedure took approximately 80 
minutes per participant, excluding times for breaks 
2.1.6 Scoring Procedures  
Word-based scoring methods were employed by Jenkins-Foreman, owing to the findings 
of McClelland (2015) who found that the UCAMST generated steeper slope scores when using 
word scoring compared with fragment scoring. The five-word sentences of the UCAMST were 
therefore, allocated five points per sentence, and the three-word pseudo-sentences of the 
UCAMST‑P were scored out of three (Jenkins-Foreman, 2018). An average score for a 
UCAMST sentence at a particular SNR was derived by dividing the sum of its correct words by 
five. Unfortunately, an error in the custom-written analysis software written by the senior 
supervisor caused the average score for each three-word UCAMST-P pseudo-sentence to be 
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calculated in the same way, dividing by five instead of by three. This error greatly reduced the 
apparent performance of the UCAMST-P in the 2018 Jenkins-Foreman study. Reaction times 
were measured in seconds from the response of their first word, to the time that each following 
word was pressed on the screen. The word order in which the pseudo-sentence was presented 
was also recorded. 
 
2.2 Current Study 
2.2.1 Experimental Instrumentation 
 The custom-written software that was used to condense data from Jenkins-Foreman 
(2018) was amended so that the error causing the average UCAMST‑P results to be divided by 
five, rather than three, was removed. This corrected data was then subjected to statistical analysis 
as described in Section 2.2.3 below. The format of the data file saved for each sentence 
presentation is shown in Tables 2 and 3 below: 
 
Table 2: A 5x10 matrix response from Participant 20 in the auditory-alone closed-set no-practice 
condition (23 Sep 2017 1:41:34 pm) 
 
 
Table 3: A 3x6 matrix response from Participant 20 in the auditory-alone closed-set with-






456.3 -7.43 Rachel got two good toys Rachel bought two good toys 1 0 1 1 1 80 1.75 2.61 4.05 4.73 5.61
Selected sentencePresented sentence Correct? Response time (s)
Time (s) SNR %Words Correct
208.4 -7.43 nine green spoons nine red spoons 1 0 1 67 0.65 1.91 2.47
Presented sentence Selected sentence Correct? Response time (s)
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In both of these tables, the response time for the pressing of each of the closed-set response 
buttons is given as seconds following the end of the played stimulus. Just as the analysis 
software aggregated the data regarding the proportion of correct responses for each word in each 
sentence, it was able to be modified to aggregate the timing data under the “Response time (s)” 
heading for the different test conditions. 
 Microsoft Excel version 16.4.3 was used to examine the aggregated data, and to produce 
figures pertaining to Part B. Version 26.0.0.1 of the IBM Statistical Package for the Social 
Sciences (SPSS) was also used to perform all statistical analyses on the data pertaining to Part A. 
2.2.2 Data 
For the UCAMST‑P, the presence or absence of a practice round was found by Jenkins-
Foreman (2018) to make no significant differences to SRT or slope for any test condition (i.e. 
AA, open-set; AA, closed-set; AV, open-set; AV, closed-set). For Part A of the current study, 
therefore, the practice and no-practice conditions of the UCAMST‑P were combined to increase 
the number of trials and the statistical power of the analysis. 
Based on findings from Jenkins-Foreman (2018), the SRT and slope values from the AV 
condition were incomparable with those under the AA condition as the AV slope values were 
much lower, regardless of the test or response format employed. Although they were included in 
Jenkins-Foreman’s (2018) research, they have been excluded from this study. Data was further 
excluded on the basis that there were insufficient data points to create a realistic psychometric 
function. 
2.2.3 Planned Statistical Analyses 
For Part A, it was planned to use two separate univariate analyses of variance (ANOVA) 
to analyse list equivalency and condition equivalency with respect to SRT under the AA 
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modality. Conversely, it was planned to use non-parametric tests to examine list and condition 
equivalency with respect to slope. For Part B, figures produced in Excel were used to allow 
conclusions to be drawn based on response times and response orders.  
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Chapter Three: Results 
PART A 
3.1 Revised UCAMST‑P results 
As described above, an error was observed in the previous calculation of the UCAMST‑P 
results and subsequent analysis was therefore invalid (Jenkins-Foreman, 2018; Tables 6, 7, 8). 
The incorrect results stemmed from an error in calculating the average comprehension results, 
dividing the total by five, rather than three. Consequently, the set of equivalent sentence lists 
created by Lay (2019), which were made with reference to these results, may also be erroneous. 
The aim of the current study (Part A) was to re-conduct statistical analyses of these lists with 
corrected data. 
As no significant differences were found in SRT or slope for when each UCAMST‑P test 
condition (i.e. AA, open-set; AA, closed-set; AV, open-set; AV, closed-set) was, or was not 
preceded by practice (Jenkins-Foreman, 2018), the practice and no practice conditions were 
combined to improve the statistical power of the current study. Additionally, the results 
pertaining to list and condition equivalence under the AV condition were poor and thus excluded 
from the current study. Data was further excluded on the basis that there were insufficient data 
points to plot a realistic psychometric function. 
The SRT and psychometric slope data for each sentence list produced by Jenkins-
Foreman (2018) for the AA, open-set and AA, closed-set condition are displayed in Appendices 
C1 and C2. A univariate ANOVA was used to assess list equivalency and condition equivalency 
for SRT. However, significant bias that could violate the assumption of normality in the slope 
data meant that non-parametric tests had to be employed for these analyses. The results for list 
equivalency (research question 1), revealed no statistically significant differences between list 
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with regards to SRT in either of the AA response formats, demonstrating that the lists are 
equivalent under these conditions. However, there was a significant difference in list equivalency 
with respect to slope under both AA response formats. Results pertaining to the effect of 
response formats (research question 2), showed that the open- and closed-set formats are not 
equivalent with respect to SRT, nor slope.  
3.2 Revised UCMAST-P List Equivalence  
3.2.1 Original List Equivalence 
The original calculations regarding the five-word version of the UCAMST were accurate 
and subsequent speech intelligibility functions (shown in Figure 7) were correct. However, the 
erroneous calculations and resulting data in the Jenkins-Foreman (2018) thesis gave rise to 
inaccurate speech intelligibility functions for the UCAMST-P, which will be shown in Figure 10 
on Page 54 for purposes of comparison with the corrected data. 
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Figure 7. These panels show the original correct speech intelligibility functions for each sentence 
list in the AA mode of presentation for the five-word UCAMST in both the open- (A) and 
closed-set (B) response formats generated for i) when practice did not immediately precede the 
condition, ii) when the condition was preceded by practice, and iii) both of these combined. 
 
3.2.2 Revised List Equivalence 
To establish whether the lists in each condition were equivalent with regards to SRT, a 
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significant bias in the data necessitated the use of a non-parametric, Kruskal-Wallis test for list 
equivalence (Table 7).  
 
Table 4. Results of the univariate ANOVA for list equivalence (SRT). 




F p ηp2 
AA, Open 109 15 7.292 1.491 .116 .135 
AA, Closed 26 15 1.705 .567 .896 .055 
Note. df = degrees of freedom; F = F-ratio; p = p-value; ηp2 = partial eta-squared. 
 
 
Figure 8. The SRT for each sentence list in the UCAMST‑P under the AA, open-set condition. 
 
Auditory memory and the UCAMST 50 
 
Figure 9. The SRT for each sentence list in the UCAMST‑P under the AA, closed-set condition. 
 
 Hypothesis (1) - That no significant differences would be found between the UCAMST‑P 
sentence lists with regards to SRT in the (a) AA, open-set condition; (b) AA, closed-set condition.  
A univariate ANOVA performed on the UCAMST‑P data revealed no statistically 
significant differences in SRT between sentence lists when presented in the AA, open-set 
condition nor between sentence lists in the AA, closed-set condition (Table 4). Hypotheses (1a) 
and (1b) are supported. This aligns with Lay’s (2019) sentence lists: there are no significant 
differences between sentence lists in the AA, open-set (F(11, 108) = 1.310, p = .229, ηp2 = 0.118) 
nor between sentence lists in the AA, closed-set condition (F(11, 108) = .686, p = .749, ηp2 = 
0.065) (Appendix D3). 
Although there is no significant main effect, post-hoc testing was performed on SRT data 
for the AA, open-set and AA, closed-set conditions using the test of least significant difference 
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(LSD) to discern whether any sentence lists were significantly different to others (Tables 5, 6). In 
the AA, open-set condition, twelve significant differences are observed between lists, all of 
which involve lists 2, 8, 12, and 13. No significant differences are recorded between any lists 
under the closed-set response format.  
 
Table 5. Pairwise comparison for SRT between AA, open-set lists
 
Note: significance (p ≤ 0.05) indicated in bold. 
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Table 6. Pairwise comparison for SRT between AA, closed-set lists
 
 
Hypothesis (2) - That no significant differences would be found between the UCAMST‑P 
sentence lists with regards to slope in the (a) AA, open-set condition; (b) AA, closed-set 
condition  
A Kruskal-Wallis H test revealed significant differences in the slopes of the UCAMST‑P 
sentence lists in both the AA, open-set and AA closed-set conditions (Table 7), thus rejecting 
hypotheses (2a and 2b). Similarly, the lists generated by Lay (2019; Appendix D4) are 
significantly different with respect to slope in the AA, open-set condition (χ2 (11) = 39.32, p 
<.001).  However, there is no statistically significant difference between the sentence lists 
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Table 7. Results of the Kruskal-Wallis H test for list equivalence (slope). 
Condition df χ2 p 
AA, Open 15 77.444 <.001 
AA, Closed 15 26.837 .030 
Note. df = degrees of freedom 
 
Post-hoc analyses were not performed on the data pertaining to slope as the assumption 
of normality was violated due to the presence of significant bias. However, graphs were created 
to aid the visualisation of the similarities and differences between the average slopes of each data 
set. The speech intelligibility functions in the original erroneous data set are shown in Figure 10 
while the corrected average slopes of the UCAMST‑P sentence lists are displayed in Figure 11. 
A visual comparison is made in Figure 12 between the UCAMST with the UCAMST-P, as well 
Figure 13 which compares the sentence lists of Jenkins-Foreman (2018) with Lay (2019). 
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Figure 10. The original erroneous speech intelligibility functions for each sentence list in the AA 
mode of presentation for the three-word UCAMST‑P in both the open- (A) and closed-set (B) 
response formats generated for i) when practice did not immediately precede the condition, ii) 
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Figure 11. The corrected speech intelligibility functions for each sentence list in the AA mode of 
presentation for the three-word UCAMST‑P in both the open- (A) and closed-set (B) response 
formats generated for i) when practice did not immediately precede the condition, ii) when the 
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Figure 12. Intelligibility functions of the corrected UCAMST‑P compared with the UCAMST in 

















A(i). UCAMST-P vs UCAMST - AA, open-set no practice
UCAMST AA open-set median
mean SRT (excl.L2+L8)= -8.1 dB SNR
UCAMST-P AA open-set median















A(ii). UCAMST-P vs UCAMST - AA, open-set with practice
UCAMST AA open-set median
mean SRT = -8.6 dB SNR
UCAMST-P AA open-set median















A(iii). UCAMST-P vs UCAMST - AA, open-set combined
UCAMST AA open-set median
mean SRT (excl.L2+L8)= -8.3 dB SNR
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B(i). UCAMST-P vs UCAMST- AA, closed-set no practice
UCAMST AA closed-set median
mean SRT = -9.4 dB SNR
UCAMST-P AA closed-set median















B(ii). UCAMST-P vs UCAMST - AA, closed-set with practice
UCAMST AA closed-set median
mean SRT = -10.1 dB SNR
UCAMST-P AA closed-set median















B(iii). UCAMST-P vs UCAMST - AA, closed-set combined
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Figure 13. Intelligibility functions of Jenkins-Foreman’s (2018) corrected UCAMST-P sentence 
lists compared with Lay’s (2019) adjusted UCAMST-P sentence lists in both the open-set and 
closed-set conditions, combining data from the with and without practice conditions. 
 
3.3 Revised UCAMST‑P Condition Equivalence 
 To discern whether the open-set and closed-set conditions of the UCAMST‑P are 
equivalent, a univariate ANOVA was performed on SRT data, while a non-parametric Mann-
Whitney test was performed on the slope data. The results pertaining to hypothesis (3) are 
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E. UCAMST-P - AA, open-set combined
List comparison
UCAMST-P AA open-set median
combined practice no practice (Jenkins-
Foreman 2018 lists)
mean SRT = -9.6 dB SNR
UCAMST-P AA open-set median
combined practice no practice (Lay 2019
lists)
mean SRT = -9.5 dB SNR 0
0.5
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F. UCAMST-P - AA, closed-set combined
List comparison
UCAMST-P AA closed-set median
combined practice no practice (Jenkins-
Foreman 2018 lists)
mean SRT = -11.7 dB SNR
UCAMST-P AA closed-set median
combined practice no practice (Lay 2019
lists)
mean SRT = -11.7 dB SNR
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Table 8. Results of the univariate ANOVA for condition equivalence (SRT). 




F p ηp2 
AA 343.643 1 343.643 87.2 <.001 .232 
Note. ANOVA = Analysis of Variance; AA = auditory-alone; df = degrees of freedom; F 
= F-ratio; p = p-value; ηp2 = partial eta-squared. 
 
Table 9. Results of the Mann-Whitney test for condition equivalence (slope). 
Condition U p 
AA 11,222 .046 
Note. U = Mann-Whitney; p = Asymp Sig. 
 
 Hypothesis (3) - That no significant differences would be found between the open-set and 
closed-set response formats of the UCAMST‑P in the AA mode of presentation with regards to 
(a) SRT and (b) slope. 
 A univariate ANOVA revealed a significant difference in SRT between the AA, open-set 
condition and the AA, closed-set condition, therefore failing to support hypothesis (3a). 
Similarly, a Mann-Whitney U revealed a significant difference in slope between the open-set and 
closed-set conditions, thus failing to support hypothesis (3b). These findings match those of 
Lay’s (2019) sentence lists (Appendices D5 and D6): between the AA, open-set and AA, closed-
set, there is a significant difference in SRT (F(1, 216) = 89.812, p = <.001, ηp2 = .294) and slope 
(U = 5,088, p = <.001). 
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A visual aid was generated to show the differences and similarities between the open- and 
closed- set conditions for both the correct UCAMST data and the corrected UCAMST‑P data. 
Separate plots were generated for i) when practice did not immediately precede the condition, ii) 
when the condition was preceded by practice, and iii) both of these combined.  
 
 
Figure 14. The speech intelligibility functions in the AA mode of presentation for the UCAMST 
(A) and UCAMST‑P (B) both the open- and closed-set response formats generated for i) when 
practice did not immediately precede the condition, ii) when the condition was preceded by 















B(i). UCAMST-P - AA, closed vs open-set without practice
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B(ii). UCAMST-P - AA, closed vs open-set with practice
UCAMST-P_Closed_AA_Practice
mean SRT = -11.8 dB SNR
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A(iii). UCAMST - AA, closed vs open-set (combined)
UCAMST_Closed_AA_Combined
mean SRT = -9.8 dB SNR
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A(ii). UCAMST - AA, closed vs open-set with practice
UCAMST_Closed_AA_Practice
mean SRT = -10.1 dB SNR
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B(iii). UCAMST-P - AA, closed vs open-set (combined)
UCAMST-P_Closed_AA_Combined
mean SRT = -11.7 dB SNR
UCAMST-P_Open_AA_Combined
mean SRT = -9.6 dB SNR
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PART B 
3.5 Response Times 
Due to a high number of conditions present, analyses pertaining to response times, 
hypothesis (4) were made based on graphical data to identify whether there were differences in 
response times between the UCAMST and UCAMST‑P, the high and low SNR, and whether the 
test was, or was not, preceded by practice. The response time data are displayed in Appendices 
E1 and E2. 
3.5.1 UCAMST and UCAMST‑P 
 Hypothesis (4a) – Response times will be faster for the UCAMST‑P than the UCAMST. 
There are no apparent differences between the response times for the UCAMST and 
UCAMST‑P under the low SNR condition, regardless of training (Figure 15, (A), (C)). Under the 
higher SNR condition, the fourth and fifth words of the UCAMST appear slower than the third 
word of both tests, regardless of training (Figure 15, (B), (D)). Therefore, it appears likely that 
hypothesis (4a), is supported under high SNR conditions and rejected under low SNR conditions. 
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Figure 15. Response times as a function of button press in the AA, closed-set modality for the 
UCAMST and UCAMST‑P, generated for (A) when testing was preceded by practice in the low 
SNR condition, (B) with practice in the high SNR condition, (C) without practice in the low SNR 
condition, and (D) without practice in the high SNR condition. 
 
3.5.2 SNR 
 Hypothesis (4b) – Response times will be faster for the higher SNR than the poorer SNR. 
For the UCAMST, the response times for the low SNR stimuli appear faster than the high 
SNR stimuli, regardless of training status (Figure 16, (A), (C)). There is also no apparent 
difference between the high SNR and low SNR conditions in the UCAMST‑P, regardless of 
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Figure 16. Response times as a function of button press in the AA, closed-set modality for the 
low SNR and high SNR conditions, generated for (A) when testing was preceded by practice in 
the 5x10 matrix, (B) with practice in the 3x6 matrix, (C) without practice in the 5x10 matrix, and 
(D) without practice in the 3x10 matrix. 
 
3.5.3 Effect of practice 
 Hypothesis (4c) – Response times will be faster for when the test is preceded by practice 
than, without practice. 
No differences appear to exist between when the UCAMST and UCAMST‑P matrices 
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Figure 17. Response times as a function of button press in the AA, closed-set modality 
comparing the with-practice, and without-practice conditions for (A) the 5x10 matrix in the low 
SNR condition, (B) the 3x6 matrix in the low SNR condition, (C) the 5x10 matrix in the high 
SNR condition, and (D) the 3x6 matrix in the high SNR condition. 
 
3.5.4 Response times and accuracy 
 Response times were also recorded as a function of accuracy under the AA, closed-set 
condition (Figure 18). To account for the fact that the accuracy is recorded as a proportion 
correct that is constrained between 0 and 1 (and is therefore not normally distributed), the 
proportion correct data was subjected to a logit transformation prior to analysis and plotting, 
such that: 
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where “p” is proportion correct and “1-p” is proportion incorrect (with p/(1-p) being the odds 
ratio). Because the logit function is undefined at both p = 0 and p = 1 (due to the inability to 
divide by zero or take the log of zero), these two proportion correct values were remapped to 
0.025 and 0.975 respectively, resulting in logit values that extend from -3.66 to +3.66. 
As shown in Figure 18, responses were more accurate for the UCAMST‑P compared with 
the UCAMST under both low and high SNRs, regardless of practice. Note, however, that the low 
and high SNRs were different for both tests, and were chosen based on predicted (rather than 
actual) 20% and 80% accuracy points. Responses were more accurate with high SNR conditions 
than low SNR conditions regardless of whether the test was preceded with practice. There 
appears to be no effect of practice on accuracy.  
As shown in Table 10 below, within each class of data shown in Panels A to D of Figure 
18 (e.g. “5x10 low SNR with practice", “3x6 high SNR no practice” etc.), there were poor 
correlations between the proportion correct and the average response time, with a maximum of 
9.25% of variance accounted for by a linear fit for the “5x10 low SNR with practice” condition. 
 
Table 10. Correlation between logit-transformed proportion correct and average time per button 
press (s) measured within each condition for the UCAMST and UCAMST‑P, in the AA, closed-
set condition, separated into practice and no practice, and low and high SNR. 
Test Low SNR R² High SNR R² 
Practice 
UCAMST 0.0925 0.0624 
UCAMST‑P 0.0051 0.0796 
No Practice 
UCAMST 0.0009 0.0414 
UCAMST‑P 0.0000 0.0526 
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Figure 18. Response times as a function of accuracy in the AA, closed-set modality for low and 
high SNR conditions, generated for the 5x10 matrix with (A) and without (B) practice, for the 
3x10 matrix with (C) and without (D) practice, and to compare the 5x10 with the 3x6 matrices 
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3.6 Word Selection Order 
 The results pertaining to research question (4), word selection order, are illustrated in 
Table 11. A response was defined as “sequential” in the closed-set condition if the response 
buttons were pushed in the same order that the words appeared in the sentence. Responses were, 
typically, more sequential for the UCAMST‑P compared with the UCAMST (with the exception 
of the low-SNR no-practice condition), the high SNR compared with the low SNR, and with 
practice compared with no practice (with the exception of the UCAMST low-SNR condition). 
 
Table 11. Percentage of sequential responses recorded for the UCAMST and UCAMST‑P, in the 
AA, closed-set condition, separated into practice and no practice, and low and high SNR. 
Test Low SNR High SNR 
Practice 
UCAMST 77.9% 94.7% 
UCAMST‑P 91.5% 98.8% 
No Practice 
UCAMST 83.9% 88.9% 
UCAMST‑P 77.0% 96.3% 
 
Hypothesis (5) – Button pressing will be more sequential for the (a) UCAMST‑P than the 
UCAMST; (b) Higher SNR than poorer SNR; and (c) practice than without practice. 
Button pressing was more sequential for the UCAMST‑P than the UCAMST with the 
exception of the low SNR no practice condition, thus partially (i.e. in 3 of 4 conditions) 
supporting hypothesis (5a). Button pressing was also more sequential for the higher SNR than 
the lower SNR, regardless of sentence length or practice, thus supporting hypothesis (5b). Button 
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pressing was more sequential for the high SNR conditions, with the exception of the UCAMST 
low-SNR condition, thus partially  (i.e. in 3 of 4 conditions) supporting hypothesis (5c). 
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Chapter Four: Discussion  
 
4.1 Revised UCAMST‑P equivalence results 
 The intent of Part A was to evaluate the UCAMST‑P to establish its reliability and 
sensitivity in estimating SRTs. To do so the SRT values were calculated to evaluate the 
equivalence of lists under each condition to achieve test-retest reliability. Additionally, the 
average slope of the speech intelligibility functions were needed to give information about the 
likely reliability and accuracy of the SRT estimates. Importantly, the SRT and slope values from 
the AV condition were not comparable to those under the AA condition, with the AV slope 
values being much lower regardless of which test or response format was used (Jenkins-
Foreman, 2018). This effect may be attributed to the advantage offered by lip-reading under the 
AV condition. Due to the poorer AV data, the AV condition was excluded from this study. 
4.1.1 List Equivalence 
 The first set of hypotheses (1a), (1b), (2a), and (2b) relating to research question (1), 
proposed that the UCAMST‑P sentence lists employed under each test condition (AA, open-set; 
AA, closed-set) would be equivalent with regards to SRTs and the slopes of the speech 
intelligibility functions. There were no significant differences between the sentence lists with 
respect to SRT in the AA, closed-set, nor the AA, open-set condition. These results are an 
improvement on those originally reported in Jenkins-Foreman (2018), which initially showed 
significant differences between lists under each condition. However, post hoc testing on the lists 
performed under the AA open-set condition, did reveal significant differences between lists 2, 8, 
12, and 13 with various other lists (Table 5). Consequently, lists 2, 8, 12, and 13 may require 
further adjustments before the lists can be deemed interchangeable within the AA, open-set 
condition. Finally, the revised lists generated by Lay (2019) gave similar results as the corrected 
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lists generated by Jenkins-Foreman (2018). In the open-set condition, the mean SRT of the 
Jenkins-Foreman lists was -9.8 ± 0.9 dB SNR (Appendix C1), compared to -9.8 ± 0.6 dB SNR 
for the Lay lists (Appendix D1). In the closed-set condition, the mean SRT of the Jenkins-
Foreman lists was -11.8 ± 0.4 dB SNR (Appendix C2), compared to -11.8 ± 0.5 dB SNR for the 
Lay lists (Appendix D2). Taken as a whole, the Lay lists might offer slight advantages in terms 
of homogeneity of SRT, albeit with a reduced number of lists.  
 For slope, the results partially align with Jenkins-Foreman (2018); both the erroneous 
sentence lists (Jenkins-Foreman, 2018) and the new sentence lists (Lay, 2019) were equivalent 
under AA closed set conditions, and inequivalent under AA open-set conditions. The corrected 
lists are inequivalent for both response formats. Interestingly, on initial analysis the slope values 
appeared to have a bimodal distribution. While an attempt was made to filter the data into two 
groups by slope (slope ≤ 50, and slope >50), insufficient data in the slope >50 group prevented 
further statistical analysis as separate groups. A greater sample size would give rise to more data 
and may permit analyses of the two groups separately. This would have the capacity to reveal 
differences in list equivalency when the slopes are small or large. 
4.1.2 Condition Equivalence 
The third set of hypotheses pertaining to research question (2), proposed that the open- 
and closed- set response formats within each test condition (AA, open-set; AA, closed-set) of the 
UCAMST‑P would be equivalent with regards to the slopes of the speech intelligibility functions 
and SRTs. Equivalence of the test conditions is necessary to establish in order to know whether 
the conditions may be used interchangeably.  
There was a significant difference between the open- and closed- set response formats 
with regards to SRT in the AA modality (AA open-set vs AA closed set) in the lists of both 
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Jenkins-Foreman (2019) and Lay (2019). This was unsurprising given that Jenkins-Foreman 
(2018) had previously shown significant differences in SRT between the open- and closed- set 
response formats for both the UCAMST and the UCAMST‑P, within each modality (AA open-
set vs AA closed set; and AV open-set vs AV closed-set). Previously Jenkins-Foreman (2018) 
has established higher SRTs in the open-set condition for AA and AV presentation modes for 
both the UCAMST and the UCAMST‑P. This finding was repeated in the current study; SRTs 
were higher in the open condition (AA, open-set) than the closed (AA, closed-set). This finding 
enforces that the two conditions cannot be used interchangeably. 
Listeners with a HI have also achieved higher SRTs on the UCAMST in AV open-set, 
compared with AV closed-set conditions, signifying that the open-set is harder in the AV 
modality (Andre, 2016). Participants in Andre’s (2016) study of the 5-word UCAMST were over 
60 with a HI so estimates may have been confounded by WMC (Andre, 2016; Theunissen et al., 
2009). However, varying estimates of SRT are given by other literature under the open- and 
closed- set formats. SRTs have been shown to be significantly higher in the closed-set condition, 
suggesting that the closed-set condition is more difficult (Hochmuth et al., 2012; Stone, 2016). 
This may be attributed to greater cognitive demands necessitated in closed-set as listeners have 
to hold onto the sentence while they select the words in the matrix. Ozimek and colleagues 
(2010), on the other hand, found no differences between the response formats for the Polish 
MST. As the literature regarding the effect of response format on SRT is conflicting, it may be 
best to decide the response format for the UCAMST and UCAMST‑P based on the ability and 
needs of the individual. 
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No significant differences were found between the two conditions with regards to slope, 
aligning with previous research (Jenkins-Foreman, 2018). Consequently, while the accuracy of 
estimating the SRT is equivalent regardless of using open or closed set response formats, the 
SRT estimates themselves may differ depending on the response format and modality. 
 
4.2 Working Memory Capacity 
4.2.1 UCAMST and UCAMST‑P 
 Regardless of the UCAMST‑P being fundamentally shorter, under high SNR conditions, 
the response times for the 3-word pseudo-sentences remain faster than for the first three words 
presented in UCAMST. Notably, recalling three words and locating them on the 3x6 matrix is 
likely less cognitively demanding than recalling five words and locating them on the 5x10 
matrix, which has over twice as many words. 
Conversely, there appear to be no significant differences between the response times of 
the two tests under low SNR conditions. As discussed previously (section 1.6.3), a signal 
presented with no masking noise is understood automatically and effortlessly through an implicit 
process. When this signal is compromised, for example with a poor SNR, an explicit process that 
exhausts WMC is necessary to make use of the compromised signal (Rönnberg et al., 2013). This 
process requires more time than is necessary for listening in uncompromised environments with 
a high SNR. As a result, the cognitive demands of the low SNR condition may exceed the 
difference in cognitive demands between the sentence length of the two tests. Furthermore, the 
response times of the fourth and fifth chosen words of the UCAMST under the high SNR 
condition appear slower than the third, suggesting that participants may chunk the first three 
words in their memory and have to engage cognitive resources to recall the final two. This 
 
Auditory memory and the UCAMST 72 
provides additional evidence that the length of the three-word pseudo-sentence is less cognitively 
demanding and therefore, more appropriate for populations with decreased WMC.  
4.2.2 High SNR and Low SNR 
As discussed in section 2.1.3, the signals for the closed-set response format were 
presented alongside constant masking noise at two different SNRs: -14.0 dB SNR and -7.4 dB 
SNR. These were chosen to correspond to the pair of compromise, 80% and 20% correct in order 
to simultaneously estimate the slope and SRT (Brand & Kollmeier, 2002).  
Hypothesis (4b), relating to research question (3), proposed that response times would be 
faster for the higher SNR sentences compared with the lower SNR sentences owing to the fact 
that there is a greater cognitive load. Interestingly, the inverse was true for the UCAMST; faster 
reaction times were recorded for the lower SNR compared with the higher. This may be 
attributed to the psychological effect of rapid guessing behaviour which occurs in low-stakes 
testing. This is where a listener does not believe they know the answer and responds with such 
speed that they could not have had enough time to actively read and consider their response 
(Schnipke & Scrams, 2002). As a result, accuracy is at or near random. This is compared with 
solution behaviour, in which an examinee actively and carefully seeks to answer each item 
correctly (Mills et al., 2014; Schnipke, 1995). Consequently, the accuracy of the responses in 
low-stakes testing is dependent upon the difficulty of the item or other item characteristics, as 
well as the examinees ability (Mills et al., 2014). This is shown in the findings pertaining to the 
UCAMST as the lower SNR yielded both poorer accuracy, and faster responses than the high 
SNR condition (Figure 18). 
This effect may have been present in similar research by Meister and colleagues (2018) 
who illustrated that reaction times decreased for intelligibility levels below 50 percent. Rapid 
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guessing behaviour may then be evident in speech recognition testing when the listening 
conditions are too difficult. In the current study, for example, there were faster response times for 
the 5-word sentences under low SNR (harder) conditions compared with those of the 5-word 
sentences under the high SNR (easier) conditions. In an attempt to combat the effect that rapid 
response behaviour had on test validity, Wise and Kong (2005) developed an index of examinee 
effort based on item response times in computer-based tests, believing that rapid responses are 
due to poor participant effort. Following rapid-response filtering and rescoring answers that were 
attributed to rapid guessing to missing, the validity of the test score was increased. Rapid-
response filtering could be a feasible option to achieve test scores with improved validity.  
On the other hand, the UCAMST‑P had no difference between the two different SNR 
conditions. In low-stakes testing, Wise (2006) found that the strongest predictors of how much 
effort each item received were item length (amount of necessary reading or scanning required) 
and item position. Items of higher difficulty that place greater load on participant’s working 
memory, are also more likely to be guessed under low-stakes conditions (Bovaird, 2002). 
Evidently, the five-word sentences of the UCAMST, were at greater risk of being guessed 
compared with the three-word pseudo-sentences. In this way, the three-word pseudo-sentences 
were perhaps more manageable for the participant’s WMC, and may provide some evidence of 
the suitability of the UCAMST‑P for populations with decreased WMC. 
4.2.3 Word Selection Order 
 With the exception of the UCAMST under low SNR conditions, both MSTs yielded a 
slightly greater proportion of sequential results following practice than without practice. 
However, the significance of these findings were not calculated and thus must be applied with 
caution. It is possible that the two training lists allowed participants to ease into the test and 
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develop a technique where it may be more efficient to answer sequentially. Notably however, 
specific instructions were not provided to participants about whether they were required to 
respond sequentially.  
Generally, responses were also more sequential under the easier (high SNR, 3-word) 
conditions compared with harder (low SNR, 5-word) conditions. This was expected as the lower 
SNR is more difficult to hear, and the 5-word sentence requires more words be recalled, so 
participants may recall words that they were more certain they heard correctly, prior to words 
they are less sure about. Previous research conducted by Murdock and Okada (1970) on free-
recall discusses that the duration between each recalled item, or inter-response times (IRTs), are 
short when neighbouring list items are recalled successively. However, the IRT increases as the 
distance between the item’s positions in the study list increases, drawing an association between 
greater processing time and non-sequential responses. This shows that non-sequential responses 
are probably due to the test exceeding the individual’s WMC.  
4.2.4 The Training Effect 
The training effect is the amount of training prior to a speech recognition tests that is 
necessary to stabilise the SRT measurements (Dietz et al., 2014; Hagerman, 1984; Hochmuth et 
al., 2012; Kollmeier et al., 2015; Wagener et al., 2003). Notably, an individual’s SRT levels are 
shown to decrease as more lists are administered (Wagener et al., 2003). Significant training 
effects have been recorded for various MSTs internationally, particularly for first time users 
within the first few lists (Dietz et al., 2014; Hochmuth et al., 2012; Kollmeier et al., 2015; Puglisi 
et al., 2015; Wagener et al., 2003; Warzybok et al., 2015). In the current study, training was 
implemented before each block condition (section 2.1.5) to let participants learn the task before 
starting.  
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Whether or not the 5-word test was preceded by training did not cause any apparent 
difference on response times or response order. This aligns with previous results from Jenkins-
Foreman (2018) who found that for the UCAMST, training does not impact the SRT or the slope 
in the AV presentation mode, nor does it impact the slope in the AA presentation mode. 
However, a significant difference in SRT was previously established between the training and no 
training conditions of the UCAMST under the AA presentation mode. Similarly, whether or not 
the 3-word test was preceded by training had no notable differences on response times, aligning 
with Jenkins-Foreman’s (2018) findings that training does not impact the SRT, nor the slope, in 
any of the presentation modes (AA, open-set; AA, closed-set; AV, open-set; AV, closed-set) for 
the UCAMST‑P. While it appears that the NZ MSTs are not significantly affected by the training 
effect thus far, removing the practice lists of the UCAMST‑P, in particular, may be premature. 
Training on cognitive tasks has been shown to assist both older populations (Glisky, 2007), and 
children (Rowe et al., 2019) to adjust to cognitive tests and thus improve performance, and this is 
reflected in the finding of other international paediatric MSTs.  
In the German Paediatric MST (OlKiSA; Neumann et al., 2012), a training effect was 
identified for NH young adults. Like the 5-word MSTs, improvements were greatest in the first 
two test measurements (1.5 dB SNR), followed by no significant differences between the test 
lists after the second set measurements (Buschermöhle et al., 2016). Similarly, clear 
improvements in the SRT estimates were identified during the training phase of the Finnish 
Paediatric MST (FINSIMAT; Willberg et al., 2020). Consequently, Willberg and colleagues 
(2020) stated that familiarising the participants with the test material in written form and 
conducting two training measurements prior to the actual measurement seems sufficient to 
eliminate clinically relevant learning-related improvements during a test session. It has been 
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recommended that regardless of language, two practice lists of 20 sentences each, should be 
given before the MST to help the SRT measurements to stabilise (Dietz et al., 2014; Hochmuth 
et al., 2012; Kollmeier et al., 2015; Wagener et al., 2003). Although, Willberg and colleagues 
(2020) also suggest that as the inclusion of sentence lists increases the duration of the test, it may 
increase the test’s cognitive demands and increase the individual’s apparent SRT. As a result, 
further testing of both the UCAMST and UCAMST‑P is required within their target populations 
before practice lists can be deemed unnecessary.  
 
4.3 Study Limitations 
The presence of certain limitations in the current study may challenge the results and must 
be considered when interpreting and applying the findings. The following section examines these 
limitations and discusses how further research may remedy these shortcomings. 
4.3.1 The Sample 
4.3.1.1 Lack of Normality  
Non-parametric tests were employed on data pertaining to the slope for the UCAMST‑P 
due to significant bias in the data, violating the assumption of normality. Subsequently, post-hoc 
analyses also could not be run. Therefore, sentence lists that significantly differed from other 
lists with respect to slope, could not be identified. 
4.3.1.2 Generalisability 
The purpose of the current study was to evaluate list and condition equivalency under the 
AA modality for the UCAMST‑P, and to evaluate the impact of auditory memory on the 
UCAMST and UCAMST‑P. Both of these aims were tested on a sample of participants who 
likely represent the performance typically expected for NH listeners. However, the data may not 
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truly represent the actual age, linguistic, cultural, and SES variations in NZ due to how people 
were recruited. The sample had a large proportion of students from the University of Canterbury 
(Christchurch, New Zealand), and 85% of the sample were between the ages of 20-30-years. 
Furthermore, far more females (n=32) than males (n=11) participated in this research. It is 
unclear whether this gender imbalance is notable, as the evaluation of previous MSTs have 
revealed discrepancies between the performance of males and females, based on differences in 
speech reading abilities (Ozimek et al., 2012; Stone 2016; Wagener et al., 2003).  
Furthermore, previous literature suggests that WMC can be influenced by age, sex, and 
education level (Cansino et al., 2013; Pliatsikas et al., 2018). For example, with increasing age, 
males have shown a steeper decline in WMC compared with females, and with increasing 
education, females had greater gains in WMC compared with males (Pliatsikas et al., 2018). 
Cansino and colleagues (2013) found that males between the ages of 41 and 50 performed better 
on auditory working memory tasks than females of the same age bracket, and performed better 
than females across a mixture of general WMC tasks between the ages of 21 and 30, and 41 and 
60. This study cannot conclude that the results can be generalised for paediatric, and older 
populations, particularly as WMC in this population is reduced (van Rooij & Plomp, 1990). A 
more representative sample should be employed in future research to improve the 
generalisability of further findings. 
4.3.1.3 Touch Screen Interface and Age 
When employing a touch screen, consideration must be given to whether some 
individuals may have greater difficulty localising their response on a screen, regardless of 
memory span. The literature on usability of touch screen interfaces is sparse. Although, it is well 
documented that age-related decline in motor ability directly interferes with an older person’s 
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ability to use touch screen devices due to reduced capacity for: fine motor control (Holmes et al., 
2009), a propensity for making more sub movements and being slower to capture a target using a 
mouse (Smith et al., 1999; Walker et al., 1996), and having a general slowing of movement, 
particularly with repetitive-speed tasks (Holmes et al., 2009; Hawthorn, 2000). Gao and Sun 
(2015) found that older participants (52-81 years-old) were slower at locating targets on a touch 
screen than younger participants (19-24 years-old). Even in older individuals with normal or 
near-normal vision, approximately half were found to have difficulty locating objects of interest 
in the environment (Owsley et al., 1995). Conversely, Murata and Iwase (2005) found no 
difference in pointing time and target location on a touch screen interface between young, middle 
aged, and older adults. Nonetheless, based on motor ability, it is expected that older populations 
will have longer response times regardless of the auditory memory capacity. This raises the 
importance with which age-related normative data is collected. 
4.3.2 Statistical Analyses 
No formal statistical analyses were employed in the analyses of the response time and 
response order data (Part B) due to time constraints. Consequently, it is not clear of the effect 
sizes, nor significance, or results pertaining to WMC. While it appears clear that the UCAMST‑P 
is less cognitively demanding than the UCAMST, the statistical significance of this finding is 
unclear. 
4.3.3 Baseline Reaction Data 
As the data was obtained as a subset of a larger data set from Jenkins-Foreman (2018), 
changes could not be made to the way data was collected. Measuring the participants baseline 
reaction time and recording a measure of their WMC could have been beneficial prior to 
initiating testing with the UCAMST and UCAMST‑P, to account for differences in each 
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individuals response times and reduce variance attributed to individual factors. These points may 
be important for future research, particularly on paediatric and senior populations where there is 
likely to be more variance in response times and WMC. 
4.3.5 Absent Conditions  
4.3.5.1 Absence of open-set condition for assessing auditory memory 
 Due to the nature of response times being recorded with a button press in the open-set 
format, reaction times were simply recorded. On the other hand, open set responses required 
verbal repetition and reaction times were based on how quickly the assessors entered the 
participant’s response (Jenkins-Foreman, 2018). While not analysed in this study, it is possible 
that a difference may be found between a participants performance in the open and closed sets. 
In the open-set, for example, there is no visible matrix with which to search for words as the 
listener verbally repeats the sentence. This may decrease a participant’s cognitive load and 
decrease reaction times. However, this may also be more cognitively demanding on the listener 
as they are not reassured when selecting an answer on the matrix. Consequently, the findings 
pertaining to WMC in the present study cannot be applied under open-set conditions. 
4.4 Future Research 
4.4.1 Piloting with different demographics 
To date, the research preparing the UCAMST and UCAMST‑P for clinical application in 
NZ has been primarily focused upon young adults with NH (Jenkins-Foreman, 2018; 
McClelland, 2015; Ripberger, 2018; Stone, 2016). For the initial stages of testing this 
demographic is sufficient, however, the UCAMST and UCAMST‑P must be tested on a 
substantially broader demographic in order to be applicable to further groups in New Zealand. In 
order to gain normative data, and optimize speech recognition tests, high equivalence test stimuli 
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and word-specific intelligibility functions are required for each word. This is generally achieved 
by presenting speech material to individual’s with NH at fixed SNRs, and is followed by the 
exclusion of materials that, following adjustments, fail to fit the word-specific intelligibility 
function (Akeroyd et al., 2015) 
4.4.1.1 Paediatric populations 
Trialling the UCAMST‑P with children is vital considering its intended purpose is for 
assessing paediatric populations. As working memory gradually improves through childhood 
(Brocki & Bohlin, 2004; Gathercole et al., 2004; Lendinez et al., 2015; Luna et al., 2004) and a 
child’s ability to understand speech in noise develops with age (Buss et al., 2019; Corbin et al., 
2016; Stuart, 2005), it is unsurprising that there are clear differences in the reliability of results 
between adult and paediatric populations. For example, school-aged children had less reliable 
results than adults on the German MST (OLSa; Wagener et al., 1999a-c) which was attributed to 
childrens’ poorer auditory memory capacity (Wagener & Kollmeier, 2005). This is in accordance 
with further literature that shows an increased variability of scores with decreasing age due to 
greater developmental variability in younger age groups (Holder et al., 2016; Ng et al., 2011; 
Wilson et al., 2010).  
Lay (2019) piloted the UCAMST‑P with children between 6-12-years-old with NH, and 
measured the effect of age, among other factors, on UCAMST‑P performance. Testing was 
performed in the AA, open-set condition, to avoid a reading artefact that would likely arise due 
to the range of reading abilities in younger age brackets (Holder et al., 2016). SRT scores 
improved with age until approximately 10 years, then plateaued for the remaining age groups 
(Lay, 2019).  Due to a small sample size (20 participants per age group), Lay (2019) commented 
that further investigation with more participants my improve the study’s accuracy; this was a 
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small population with which to base normative data, making differentiating outliers that could 
skew the results difficult. Additionally, participants were recruited from Christchurch schools 
which may not necessarily be representative of New Zealand due to socioeconomic, ethnic, 
geographical, cultural differences. It may benefit to introduce testing in an additional location or 
undertake sampling across NZ to add value to this normative data.  
Several additional points would add value and should be considered when initiating 
further collection of normative data. First, Lay (2019) looked solely at the AA, open-set 
condition. Further research should look into collecting normative data when employing both AV, 
and closed-set conditions in addition to AV, and open-set conditions. Second, extending the age 
limit of the study to incorporate younger populations (i.e. 3 to 5-year-olds) would test the 
viability of the UCAMST‑P in this population and may provide guidance on the developmental 
trajectory of SRT scores as young children mature. Finally, as performance in speech recognition 
measures can be influenced by whether reinforcement is employed in testing (Kirk et al., 1997), 
Kosky and Boothroyd (2003) suggest that paediatric speech recognition measures should be 
interesting and motivating, in order to obtain a more accurate SRT.  
As the length of paediatric speech recognition test is defined by the child’s fatigue 
(Kosky & Boothroyd, 2003; Neumann et al., 2012), motivating factors should be considered. For 
example, visual or auditory reinforces presented between presentations may improve the child’s 
attention and motivation to complete the test. The UCAMST‑P may also benefit from a 67% 
correct threshold compared with the typical 40% correct threshold, in order to maintain optimism 
and motivation in younger populations (Hagerman & Hermansson, 2015). It is necessary, 
therefore, to establish normative data to ascertain which age-range the UCAMST‑P is 
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appropriate for and to validate its outputs (Neumann et al., 2012), as well as introducing features 
to make the task more motivating and thus potentially more accurate for children. 
4.4.1.2 Older populations 
 
Adults older than 65-years-old make up the bulk of those attending audiology clinics so 
accurate and efficient measures of speech recognition are crucial (Newman & Sandridge, 2004). 
There is evidence that one’s performance in speech in noise recognition measures declines with 
age (Humes, 2015) and may be attributed to WMC (Arehart et al., 2013; Arlinger et al., 2009; 
Foo et al., 2007; Rudner et al., 2012). Further validation research should therefore be conducted 
on elderly listeners, particularly those with a cognitive impairment or dementia, using both the 
UCAMST and UCAMST‑P to gain normative data in order to validate the test’s results. This is 
particularly important as while a shorter test may appear more suitable for individuals with 
limited WMC, there is some risk that less test items may reduce the reliability and repeatability 
of the results (Willberg et al., 2020). 
4.4.1.3 Individuals with a HI  
As it currently stands, the UCAMST and UCAMST‑P have only been tested on 
populations with NH. However, a speech in noise test must be able to evaluate an individual’s 
speech recognition capacity regardless of whether the person has NH or a HI. As such, the 
UCAMST and UCAMST‑P must be tested on populations with varying degree of HI in order to 
validate their use in these settings. As previously discussed, those individuals with a HI struggle 
hearing in noise more than normal hearing individuals (Lewis et al., 2016; Ng et al., 2011; Peters 
et al.,1998; Wilson et al., 2007). In clinical settings, this causes greater variance between the 
expected SRT  in individuals with a HI compared with individuals with NH. (Peters et al., 1998; 
Wilson et al., 2007).  
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Notably, the difference between individuals with NH and those with a HI is also 
exacerbated when using babble noise which is attributed to the effect of masking-release. This is 
where dips in the acoustic masker allow a listener to ‘glimpse’ the target signal. However, the 
effect is typically negligible for those with a HI which further divides the SRT’s between 
individuals with NH and with a HI (Bacon et al., 1998; Hopkins & Moore, 2009). It is pertinent 
then that the expected performance for individuals with a HI is calculated using multi-talker 
(babble) noise, speech-shaped (constant) noise, and in quiet (Wagener & Kollmeier, 2005). This 
would give rise to normative data that individual’s performances can be compared with to 
ascertain how well they can understand speech in noise (Akeroyd et al., 2015).  
Preparing the UCAMST and UCAMST‑P for clinical application now requires normative 
data under each presentation mode and modality for listeners of different ages and with different 
degrees of HI. This will provide an index with which an individual’s performance can be 
compared with, to find a relative measure of their ability to understand speech in noise. 
4.4.2 Trialling a Picture-Pointing Response 
Administering speech recognition tasks to children requires careful selection of the 
response method as open- and closed-set response formats both have limitations. While open-set 
formats evaluate lexical memory and acoustic-phonetic activation, difficulties arise when 
listeners have limited language or unusual speech pronunciation, due to a HI, for example 
(Calandruccio et al., 2014; Ozimek et al., 2012). On the other hand, closed-set requires that an 
individual to respond based on phonological and lexical competition (Clopper et al., 2006). As 
closed-set requires selection of words on a visible matrix, it is susceptible to guessing bias and 
training effects (Ozimek et al., 2012). Furthermore, in children who are particularly young, or 
have limited literacy, selecting a word on a screen is not always feasible (Calandruccio et al., 
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2014). Consequently, using a picture-pointing, closed-set measure is recommended as a 
behavioural assessment tool as it can effectively evaluate speech recognition in paediatric 
populations (Hall et al., 2002; Litovsky, 2005; Ross & Lerman, 1970). Currently a picture 
pointing response format is available in the PPMST (designed for children between 3-6-years-
old), where each word in the matrix corresponds with an image (Ozimek et al., 2012). The 
images are arranged in a six-picture matrix containing the target word, and associated 
alternatives. A picture-pointing response method option would be a valuable addition to the 
UCAMST‑P so that performance is not impacted by speech production or limited literacy levels, 
particularly as test is intended for these paediatric populations (Kosky & Boothroyd, 2003) 
4.4.3 Analysis of AV Modality 
Data from Jenkins-Foreman (2018) also permits comparison of the response times 
between AA and AV conditions. Granting a listener access to both auditory and visual speech 
signals provides complimentary information that is effectively combined so that speech 
understanding under AV conditions exceeds that of speech understanding in AA conditions 
(Sommers et al., 2005; Tye-Murray, et al., 2007). Pillai and Yathiraj (2017) compared AA, AV, 
and VA (visual-alone) modalities across several different measures of memory in children and 
found no significant difference between the AA and AV modalities on memory. Furthermore, 
presenting a list of free recall auditorily results in a larger recency effect (better memory for the 
last few list items) than presenting the list visually (a modality effect). However, these tests did 
not employ background noise and used different stimuli. From here, identifying whether there is 
a difference between the AA and AV modalities with respect to response times of the UCAMST 
and UCAMST‑P is necessary whether the modalities can be used interchangeably, or if one is 
more appropriate than the other for populations with reduced WMC. 
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4.4.4 Cross-validation with other speech tests 
4.4.3.1 UCAMST  
Andre (2016) established a correlation between the results obtained from the UCAMST 
and the Quick Speech in Noise Test (QuickSIN), and Ripberger (2018) has cross-validated the 
UCAMST with the meaningful CVC words recognition test (Boothroyd, 1968; Boothroyd & 
Nittrouer, 1988; Purdy et al., 2000) and the QuickSIN (Killion et al., 2004). This research has 
shown that the UCAMST has the potential to replace the meaningful CVC word recognition test 
in practice (Ripberger 2018). However, the UCAMST also bears significant similarities to the 
New Zealand Hearing in Noise Test (NZHINT; Hope, 2010). This test uses NZ English 
sentences as stimuli and is presented with constant masking noise. It also has similar phonemic 
list balancing and sentence intelligibility equalisation, while using adaptive procedures to locate 
a listeners SRT (Hope, 2010; McClelland, 2014). Notably, the NZHINT is unreleased, not 
normalised, and not validated. It would take significant work to move it toward commercial 
release. Nonetheless, it may be valuable to examine the relationship between the two tests to 
examine whether they may be used interchangeably. Cross validating the UCAMST with the 
NZHINT may then be an area for future research to identify decreasing redundancy across 
speech in noise measures available in NZ clinical settings. 
4.4.3.2 UCAMST‑P  
Future research should cross validate the UCAMST‑P with common speech recognition 
measures employed in the NZ test battery. This could assess which tests give information 
complementary to that provided by the UCAMST‑P. As the KTT is the common test of choice 
for paediatric speech recognition testing in NZ clinical practice, cross-validation of the 
UCAMST‑P with the KTT is warranted (Antognelli, 1986). Similarly, validating the 
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UCAMST‑P with the QuickSIN may be beneficial as it also uses masked sentence stimuli 
(Killion et al., 2004). Comparisons between the UCAMST‑P and other commercially available 
speech recognition tests give better awareness of what information can be gained from the 
UCAMST‑P compared with other available measures, for example, which tests are the most time 
efficient and best for inclusion in a paediatric test battery (Wilson et al., 2007).  
4.4.5 Confusion Matrices 
Further data collected by Jenkins-Foreman (2018) includes several confusion matrices for 
each test. Under the closed-set condition, it can be seen when individual words in a sentence are 
incorrectly swapped, and for which word they have been confused with. For example, when 
sentence 41 of the UCAMST was presented in the closed-set format at -14 dB SNR (-13.97), the 
word “twelve” was only recognised correctly 33% of the time. Otherwise, it was incorrectly 
recognised as “nine” 33% of the time, and “ten” 33% of the time. Similarly under the open-set 
response format, the matrices recorded the proportion of words that were answered correctly or 
incorrectly for each sentence of the UCAMST and UCAMST‑P. For example, using sentence 41 
in the AA condition of the UCAMST in an open-set response format (at -11.62 dB SNR), the 
word “Kathy” was correctly recognised 25% of the time and recognised incorrectly 75% of the 
time. These confusion matrices may give insight into which words are frequently answered 
incorrectly. 
4.4.5 Transducer 
 Research on the UCAMST and UCAMST‑P has been conducted using supra-aural 
headphones to present the stimuli. In some clinical settings, speech recognition tests are 
conducted in sound-field settings so that the listener can be tested with their amplification device 
to objectively verify a hearing aid fitting, or in cases where children do not tolerate headphones. 
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However, sound-field presentation can cause sound reflection off surfaces in the test area which 
may degrade speech intelligibility and subsequently influence SRTs, particularly if the test is not 
conducted in a sound-treated environment (Allen & Berkeley, 1979; Soli & Wong, 2008). 
Further research could be conducted to assess whether the UCAMST and UCAMST‑P are 
appropriate for sound-field use. 
 
4.5 Concluding Statements 
Speech audiometry is a crucial component of the audiological test battery as it provides 
valuable information about an individual’s capacity to communicate in everyday life. However, 
current tests of speech recognition used in NZ clinical practice present with various limitations 
pertaining to their use of single-words and quiet test settings, which do not reflect typical daily 
communication. MSTs, on the other hand, are shown to assess a combination of signal 
processing, background noise, and individual WMC more consistently than with standard HINT 
testing (Plomp-type sentences) (Rudner et al., 2009; Rudner et al., 2011).  
 Due to the potential cognitive demands of the UCAMST, the UCAMST‑P was created as 
a simplified speech in noise test for native New Zealand speakers. It was specifically produced to 
extend the current speech test battery for populations whom have difficulty with the complexity 
of the currently available speech in noise tests. Following the amendment of data from Jenkins-
Foreman (2018), the current research showed that the UCAMST‑P sentence lists are equivalent 
under the AA, open-set and AA, closed-set conditions. However, as was also shown by previous 
research, these UCAMST‑P conditions will require their own condition-specific normative data. 
From here, piloting the UCAMST‑P with its intended populations and recording normative data 
must be achieved before the test can be implemented into practice.  
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Finally, the current research on the response times and response orders of the 
UCAMST‑P suggests that it is less cognitively demanding and more suitable than the UCAMST 
for those with reduced WMC, including paediatric and older populations. These findings are 
valuable in the ongoing production of the UCAMST and UCAMST‑P, and highlight areas where 
further adjustments and analyses are required before the integration of the tests into NZ clinical 
practice. 
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B.1 Average PTA thresholds of participants in this study.   
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APPENDIX C: 
Part A: Data Table 
 
C.1 SRT and slope values for each of Jenkins-Foreman’s (2018) UCAMST‑P sentence lists for the open-set response format. 
 
  
3x6, Open-set, Auditory-Alone (combined with/without practice conditions)
SRT List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12 List 13 List 14 List 15 List 16
Sentence 01 -13.6 -1.8 -11.4 -8.6 -11.3 -10.4 -6.3 -13.4 -11.6 -9.4 -8.7 -7.1 -8.9 -11.0 -9.4 -9.4
Sentence 02 -9.2 -12.6 -9.5 -14.9 -8.9 -9.3 -11.2 -11.6 -7.5 -10.4 -11.5 -10.2 -8.9 -9.3 -9.4 -9.3
Sentence 03 -11.4 -10.3 -10.6 -9.5 -11.0 -11.3 -9.0 -10.1 -7.8 -10.0 -9.1 -8.8 -7.6 -6.7 -8.3 -10.4
Sentence 04 -7.9 -4.2 -11.3 -11.7 -8.6 -11.4 -8.6 -8.2 -10.7 -11.2 -10.6 -7.5 -7.3 -7.6 -13.1
Sentence 05 -11.5 -11.6 -8.6 -9.7 -11.4 -11.0 -8.0 -11.6 -11.2 -6.0 -6.8 -18.6 -10.2 -9.3 -6.7 -8.3
Sentence 06 -11.5 -10.0 -6.8 -9.6 -7.3 -8.4 -11.3 -7.1 -11.3 -11.1 -11.4 -12.3 -9.6 -11.9 -8.6 -10.4
Sentence 07 -11.4 -9.0 -11.2 -8.8 -8.9 -11.1 -11.8 -10.1 -11.6 -7.4 -18.6 -9.8 -9.5 -8.9 -11.3
Sentence 08 -8.4 -8.7 -11.8 -11.0 -9.4 -6.5 -9.0 -16.9 -11.1 -6.6 -9.6 -8.2 -7.6 -8.8 -10.5 -7.7
Sentence 09 -11.3 -7.1 -9.0 -13.6 -11.3 -11.6 -8.7 -8.7 -4.5 -11.2 -4.9 -6.3 -11.2 -9.4 -11.1
Sentence 10 -8.8 -7.0 -11.4 -9.2 -11.0 -10.0 -9.5 -10.2 -10.8 -7.4 -11.6 -10.9 -8.6 -9.7 -8.6 -8.1
Sentence 11 -7.9 -11.5
Mean -10.5 -8.2 -10.2 -10.4 -9.9 -9.8 -9.7 -11.3 -9.9 -8.8 -9.8 -11.0 -8.5 -9.5 -8.8 -9.9
StDev ± 1.8 ± 3.3 ± 1.6 ± 2.2 ± 1.5 ± 1.7 ± 1.7 ± 2.8 ± 1.6 ± 2.5 ± 1.8 ± 4.5 ± 1.2 ± 1.6 ± 1.1 ± 1.7
Slope List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12 List 13 List 14 List 15 List 16
Sentence 01 8.6 0.6 99.8 256.6 102.5 14.8 32.5 4.7 6.1 5.1 22.3 15.6 24.3 5.1 20.5 10.2
Sentence 02 14.4 11.3 16.1 5.2 24.3 7.6 99.4 4.5 42.4 9.1 98.6 12.3 24.3 7.6 20.5 5.2
Sentence 03 99.8 8.4 16.4 4.9 107.8 12.3 15.4 11.4 18.7 6.9 18.9 14.3 43.2 13.5 17.1 14.8
Sentence 04 17.8 9.5 102.5 99.1 256.6 99.0 256.6 20.9 5.9 104.6 11.2 15.9 7.9 18.8 4.9
Sentence 05 102.6 104.0 256.6 9.2 99.0 5.1 16.8 4.5 103.5 162.2 35.5 2.5 12.3 7.6 34.9 10.9
Sentence 06 104.7 7.2 35.8 12.8 39.9 10.6 101.4 8.9 102.1 11.6 99.7 8.2 8.6 91.9 256.6 5.8
Sentence 07 99.0 12.0 104.6 9.0 17.5 106.8 101.0 15.9 10.6 41.3 2.5 13.7 4.9 13.5 6.6
Sentence 08 14.4 8.3 93.5 107.8 20.9 6.7 15.4 1.6 105.4 14.1 16.8 5.1 43.2 12.3 15.6 14.5
Sentence 09 102.5 15.6 9.6 8.6 102.5 0.0 11.7 9.4 24.3 5.6 104.6 10.6 32.7 8.9 20.5 13.0
Sentence 10 12.3 11.4 99.8 14.4 107.8 6.3 18.8 6.0 13.7 12.3 107.6 8.1 256.6 9.2 256.6 4.9
Sentence 11 9.2 107.9
Mean 57.6 18.8 83.5 48.8 87.9 18.0 71.2 16.9 45.3 24.3 65.0 9.0 47.5 16.9 67.5 9.1
StDev ± 46.6 ± 30.2 ± 73.2 ± 78.6 ± 71.2 ± 30.7 ± 74.6 ± 31.7 ± 41.3 ± 48.5 ± 40.8 ± 4.6 ± 74.5 ± 26.5 ± 99.9 ± 4.1
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APPENDIX C: 
Part A: Data Table 
 
C.2 SRT and slope values for each of Jenkins-Foreman’s (2018) UCAMST‑P sentence lists for the closed-set response format. 
 
 
3x6, Closed-set, Auditory-Alone (combined with/without practice conditions)
SRT List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12 List 13 List 14 List 15 List 16
Sentence 01 -14.1 -11.6 -13.8 -10.7 -14.0 -11.5 -8.4 -14.0 -13.6 -14.4 -11.3 -11.4 -12.6 -10.2 -13.6 -12.8
Sentence 02 -10.0 -12.8 -12.9 -13.9 -13.2 -12.0 -9.2 -14.0 -11.8 -12.6 -12.3 -12.3 -14.3 -11.5 -11.9 -11.6
Sentence 03 -12.7 -12.1 -13.8 -12.7 -10.8 -13.8 -13.7 -13.5 -9.6 -13.4 -13.6 -11.3 -9.2 -10.1 -11.9 -12.2
Sentence 04 -11.3 -10.2 -12.6 -13.5 -11.3 -10.0 -13.7 -10.1 -10.8 -13.4 -10.6 -8.9 -10.7 -11.7 -10.5 -12.6
Sentence 05 -11.8 -11.8 -9.9 -9.2 -13.7 -13.8 -11.5 -10.2 -13.9 -10.2 -10.3 -15.4 -13.8 -11.7 -10.4 -9.2
Sentence 06 -11.8 -13.9 -7.0 -11.0 -10.8 -10.4 -13.6 -11.6 -13.7 -5.8 -13.6 -14.2 -10.0 -13.9 -9.2 -13.7
Sentence 07 -10.8 -9.2 -11.8 -12.6 -13.0 -13.8 -12.0 -13.6 -13.9 -11.6 -11.6 -13.5 -11.7 -8.4 -10.4 -13.7
Sentence 08 -10.4 -12.6 -13.8 -11.5 -11.7 -10.9 -13.8 -11.9 -12.3 -12.2 -11.7 -11.0 -10.7 -12.1 -12.7 -10.7
Sentence 09 -13.9 -10.0 -12.9 -13.9 -12.2 -10.4 -12.5 -11.1 -11.3 -8.8 -13.8 -8.2 -8.3 -10.7 -11.4 -14.2
Sentence 10 -11.3 -11.2 -14.0 -13.5 -10.8 -10.1 -10.8 -10.2 -13.7 -11.3 -13.8 -10.4 -13.7 -10.1 -11.9 -13.1
Sentence 11 -10.5 -10.4
Mean -11.8 -11.5 -12.2 -12.1 -12.2 -11.7 -11.8 -12.0 -12.5 -11.4 -12.3 -11.7 -11.5 -11.0 -11.4 -12.4
StDev ± 1.4 ± 1.4 ± 2.2 ± 1.6 ± 1.2 ± 1.6 ± 1.9 ± 1.6 ± 1.5 ± 2.6 ± 1.4 ± 2.3 ± 2.1 ± 1.5 ± 1.3 ± 1.5
Slope List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12 List 13 List 14 List 15 List 16
Sentence 01 90.4 11.1 86.5 5.3 103.6 9.8 8.5 101.4 90.7 6.7 13.6 11.7 12.8 8.3 87.1 8.7
Sentence 02 12.1 8.7 8.5 87.1 8.0 8.8 9.9 91.8 11.9 12.8 14.4 13.6 9.6 7.1 16.8 11.1
Sentence 03 13.5 14.0 86.5 6.6 7.6 92.3 89.4 89.6 10.9 90.6 88.1 17.0 14.2 10.7 16.8 9.8
Sentence 04 18.1 9.2 12.8 89.6 9.0 10.4 89.4 19.1 15.2 5.8 22.7 11.4 10.7 10.5 7.4 12.8
Sentence 05 11.9 8.0 159.3 1.8 87.4 86.5 14.5 8.5 87.3 9.2 8.1 8.2 85.6 10.5 9.8 9.9
Sentence 06 16.2 91.6 8.8 9.5 10.1 9.0 87.1 17.1 89.4 2.2 89.1 9.7 6.6 91.9 9.9 87.6
Sentence 07 15.2 14.2 8.0 12.8 11.8 85.7 8.8 86.7 87.3 11.1 9.7 5.7 15.5 7.3 9.8 89.4
Sentence 08 13.4 12.8 86.5 16.3 10.9 7.9 86.5 15.7 10.6 2.1 16.4 9.8 14.4 9.5 14.1 7.8
Sentence 09 91.6 6.6 8.5 10.1 13.8 9.0 11.9 11.0 13.3 13.0 86.6 13.4 11.9 5.3 14.0 83.0
Sentence 10 13.3 12.5 103.6 89.6 10.1 6.3 8.1 8.5 89.4 6.5 85.8 8.4 89.4 13.6 12.5 11.7
Sentence 11 8.1 13.4
Mean 29.6 18.9 56.9 30.6 27.2 32.6 38.9 44.9 50.6 16.0 43.4 10.9 27.1 17.5 19.8 33.2
StDev ± 32.4 ± 25.7 ± 54.4 ± 37.5 ± 36.2 ± 38.4 ± 39.1 ± 41.1 ± 40.3 ± 26.5 ± 38.0 ± 3.3 ± 32.0 ± 26.2 ± 23.8 ± 37.0
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APPENDIX D: 
Adjusted Results from Lay (2019) 
 
D.1 SRT and slope values for each of Lay’s (2019) UCAMST‑P sentence lists for the open-
set response format. 
 
  
3x6, Open-set, Auditory-Alone (combined with/without practice conditions) - Lay (2018) 
SRT List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12
Sentence 01 -6.5 -9.0 -8.9 -7.3 -11.6 -11.5 -11.5 -10.3 -8.7 -8.3 -9.7 -11.3
Sentence 02 -9.4 -11.3 -11.0 -6.2 -8.7 -7.4 -7.9 -10.7 -8.8 -11.4 -8.4 -10.4
Sentence 03 -7.6 -9.5 -7.0 -9.6 -10.8 -9.6 -11.4 -9.2 -11.2 -6.6 -12.6 -10.4
Sentence 04 -10.5 -10.2 -11.3 -10.2 -7.2 -11.2 -8.8 -11.2 -9.7 -9.4 -11.6 -11.6
Sentence 05 -8.9 -10.9 -11.0 -7.3 -7.8 -11.4 -13.6 -11.7 -10.2 -11.1 -10.0 -13.6
Sentence 06 -10.2 -11.2 -11.4 -8.9 -11.3 -11.2 -11.4 -8.3 -11.3 -9.0 -14.9 -8.3
Sentence 07 -9.4 -9.0 -9.5 -9.8 -11.1 -8.7 -11.3 -9.3 -11.1 -11.4 -10.1 -7.9
Sentence 08 -9.4 -6.2 -10.6 -8.9 -8.2 -9.1 -11.5 -9.6 -11.4 -8.3 -7.7 -9.4
Sentence 09 -8.3 -8.0 -11.8 -10.2 -10.1 -7.1 -9.2 -11.0 -10.4 -11.3 -8.8 -10.6
Sentence 10 -8.3 -11.1 -11.3 -7.5 -11.2 -6.6 -8.4 -6.0 -6.7 -8.9 -9.0 -10.4
Mean -8.9 -9.7 -10.4 -8.6 -9.8 -9.4 -10.5 -9.7 -10.0 -9.6 -10.3 -10.4
StDev ± 1.2 ± 1.7 ± 1.5 ± 1.4 ± 1.7 ± 1.9 ± 1.8 ± 1.7 ± 1.5 ± 1.7 ± 2.2 ± 1.7
Slope List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12
Sentence 01 45.5 15.4 17.5 53.9 6.1 104.6 100.6 8.4 8.3 239.7 9.2 6.6
Sentence 02 20.5 101.4 107.8 43.3 24.3 12.3 17.8 5.9 12.3 103.1 10.6 5.8
Sentence 03 18.8 18.8 50.5 8.6 13.7 16.8 99.8 14.4 8.9 46.4 11.3 14.8
Sentence 04 15.6 164.9 102.6 12.3 53.0 104.6 12.3 104.6 9.2 20.9 107.5 10.6
Sentence 05 13.5 8.1 107.8 53.9 18.7 101.9 8.6 99.1 12.3 13.0 7.2 8.6
Sentence 06 164.9 103.5 99.8 24.3 102.0 104.6 103.1 239.7 12.3 9.6 5.2 10.9
Sentence 07 20.5 15.4 16.1 13.7 107.6 22.3 102.6 7.6 11.6 99.8 11.4 9.2
Sentence 08 20.5 43.1 16.4 24.3 20.9 18.9 98.6 12.8 103.1 239.7 14.5 10.2
Sentence 09 239.7 16.8 95.5 164.9 15.9 51.9 14.4 107.8 14.8 102.6 14.3 11.2
Sentence 10 17.1 106.8 102.6 15.9 103.5 46.2 14.4 161.7 13.5 24.3 12.0 9.1
Mean 57.7 59.4 71.6 41.5 46.6 58.4 57.2 76.2 20.6 89.9 20.3 9.7
StDev ± 78.7 ± 55.1 ± 41.4 ± 46.5 ± 41.7 ± 41.1 ± 46.1 ± 80.6 ± 29.1 ± 87.3 ± 30.8 ± 2.5
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APPENDIX D: 
Adjusted Results from Lay (2019) 
 
D.2 SRT and slope values for each of Lay’s (2019) UCAMST‑P sentence lists for the closed-
set response format. 
 
 
D.3 Results of the univariate ANOVA for list equivalence (SRT). 




F p ηp2 
AA, Open 40.281 11 3.662 1.310 .229 .118 
AA, Closed 22.486 11 2.044 .686 .749 .065 
Note. df = degrees of freedom; F = F-ratio; p = p-value; ηp2 = partial eta-squared. 
 
3x6, Closed-set, Auditory-Alone (combined with/without practice conditions) - Lay (2018) 
SRT List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12
Sentence 01 -10.4 -13.7 -13.0 -9.2 -13.6 -12.3 -11.8 -12.1 -12.6 -11.3 -9.2 -13.7
Sentence 02 -11.9 -13.6 -10.8 -8.3 -11.3 -11.3 -11.3 -13.4 -12.1 -13.7 -10.4 -13.7
Sentence 03 -10.5 -10.8 -10.8 -10.0 -13.7 -11.7 -12.7 -13.5 -10.7 -7.0 -12.8 -12.2
Sentence 04 -12.7 -13.7 -12.2 -13.8 -11.8 -10.6 -11.3 -11.8 -10.1 -11.7 -13.8 -11.6
Sentence 05 -10.4 -10.4 -10.8 -10.7 -9.6 -13.6 -14.1 -13.5 -12.3 -14.2 -13.9 -13.9
Sentence 06 -9.2 -9.2 -13.8 -14.3 -13.7 -13.8 -10.8 -10.7 -13.8 -12.9 -13.9 -9.2
Sentence 07 -13.6 -13.8 -12.9 -11.7 -12.3 -11.3 -13.9 -11.7 -5.8 -14.0 -13.5 -10.5
Sentence 08 -11.4 -8.4 -13.8 -12.6 -10.8 -13.6 -11.8 -11.0 -10.0 -9.9 -10.7 -12.8
Sentence 09 -11.9 -11.5 -13.8 -13.7 -13.9 -11.6 -10.0 -11.5 -11.5 -12.6 -11.3 -8.9
Sentence 10 -11.9 -12.0 -14.0 -10.7 -13.9 -10.3 -10.4 -10.2 -10.1 -13.2 -9.2 -12.6
Mean -11.4 -11.7 -12.6 -11.5 -12.5 -12.0 -11.8 -11.9 -10.9 -12.1 -11.9 -11.9
StDev ± 1.3 ± 2.0 ± 1.3 ± 2.1 ± 1.5 ± 1.3 ± 1.4 ± 1.2 ± 2.2 ± 2.2 ± 1.9 ± 1.8
Slope List 1 List 2 List 3 List 4 List 5 List 6 List 7 List 8 List 9 List 10 List 11 List 12
Sentence 01 9.8 89.4 11.8 14.2 90.7 14.4 16.2 14.0 12.8 9.0 1.8 89.4
Sentence 02 16.8 87.1 7.6 11.9 13.3 6.5 18.1 5.8 9.5 87.4 9.0 87.6
Sentence 03 7.4 8.1 10.1 6.6 89.4 16.4 13.5 89.6 5.3 8.8 8.7 9.8
Sentence 04 14.1 89.4 13.8 85.6 11.9 22.7 13.3 8.0 13.6 10.9 85.8 11.1
Sentence 05 9.8 8.4 10.1 14.4 10.9 89.1 90.4 89.6 13.6 83.0 91.6 10.1
Sentence 06 9.9 9.9 86.5 9.6 89.4 86.6 15.2 5.3 92.3 8.5 87.1 9.9
Sentence 07 87.1 86.5 8.5 15.5 10.6 13.6 91.6 10.5 2.2 103.6 89.6 8.1
Sentence 08 14.0 8.5 86.5 12.8 15.2 88.1 11.9 9.5 10.4 159.3 7.8 8.7
Sentence 09 12.5 14.5 86.5 89.4 87.3 9.7 12.1 16.3 9.8 12.8 17.0 11.4
Sentence 10 16.8 8.8 103.6 10.7 87.3 8.1 13.4 9.2 10.7 8.0 14.2 12.8
Mean 19.8 41.1 42.5 27.1 50.6 35.5 29.6 25.8 18.0 49.1 41.3 25.9
StDev ± 23.8 ± 40.5 ± 41.9 ± 32.0 ± 40.3 ± 36.4 ± 32.4 ± 33.8 ± 26.3 ± 54.9 ± 40.9 ± 33.0
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D.4 Results of the Kruskal-Wallis H test for list equivalence (slope). 
Condition df χ2 p 
AA, Open 11 39.328 <.001 
AA, Closed 11 9.450 .580 
Note. df = degrees of freedom 
 
D.5 Results of the univariate ANOVA for condition equivalence (SRT). 




F p ηp2 
AA 259.277 1 259.277 89.812 <.001 .294 
Note. ANOVA = Analysis of Variance; AA = auditory-alone; df = degrees of freedom; F 
= F-ratio; p = p-value; ηp2 = partial eta-squared. 
 
D.6 Results of the Mann-Whitney test for condition equivalence (slope). 
Condition U p 
AA 5,088 <.001 
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APPENDIX E: 
Part B: Data Tables 
 
E.1 Average time per button press (s) between words for when the three-word and five-
word sentences are presented in the AA, closed-set modality, with practice. 
 
E.2 Average time per button press (s) between words for when the three-word and five-




Time per button 
press (s)
1st word 2nd word 3rd word 1st word 2nd word 3rd word
1.44 0.63 0.66 1.19 0.73 0.91
± 0.49 ± 0.39 ± 0.45 ± 0.37 ± 0.36 ± 0.65
1st word 2nd word 3rd word 4th word 5th word 1st word 2nd word 3rd word 4th word 5th word
1.77 0.75 0.71 0.74 0.79 1.62 1.07 0.94 1.30 1.40
± 0.64 ± 0.57 ± 0.44 ± 0.48 ± 0.64 ± 0.50 ± 0.47 ± 0.42 ± 0.65 ± 0.91
Time per button press (s) - Closed set, auditory-alone, with practice
5x10
Low SNR (harder) Higher SNR (easier)
3x6
Time per button 
press (s)
1st word 2nd word 3rd word 1st word 2nd word 3rd word
1.61 0.66 0.75 1.21 0.77 0.85
± 0.66 ± 0.44 ± 0.57 ± 0.32 ± 0.47 ± 0.50
1st word 2nd word 3rd word 4th word 5th word 1st word 2nd word 3rd word 4th word 5th word
1.69 0.73 0.77 0.80 0.85 1.74 1.21 1.01 1.33 1.40
± 0.78 ± 0.44 ± 0.57 ± 0.48 ± 0.68 ± 0.64 ± 0.87 ± 0.61 ± 0.69 ± 0.84
Time per button press (s) - Closed set, auditory-alone, no practice
Low SNR (harder) Higher SNR (easier)
5x10
3x6
